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ABSTRACT
This dissertation develops information regarding the engineering characteristics of 
mine waste rock and examines slope stability and deformation features such as cracking 
and settlement in mine waste dumps such as those found in north-central Nevada. Little 
information exists for these types of engineering structures in arid and semi-arid 
environments.
The major aspects of the dissertation were: 1) collection and testing of mine waste 
materials to establish strength and other engineering parameters for a range o f typical mine 
waste materials; 2) application of limit equilibrium slope stability methods to mine waste 
piles; and 3) application of finite difference and finite element methods to study the 
stability and deformation of mine waste piles; 4) comparison of slope failure and 
deformation features observed in the field with such features produced in computer 
models.
Sixteen bulk samples of mine waste rock were collected from six mine sites in north- 
central Nevada. Testing included grain size distribution analysis, evaluation o f constrained 
modulus, direct shear testing, point load testing of lump samples, and slake-durability 
testing. The constrained modulus and direct shear testing used a 15" x 15" Rocktest 
direct shear apparatus especially designed to test 3-inch-minus gravels. Based on the 
testing, constrained modulus values were found to be stress dependent, with higher 
modulus values associated with increased confining stress on the samples. Evaluation of 
direct shear testing data demonstrates that strength parameters for these materials may be 
interpreted as linear (C plus phi) functions or non-linear (phi only) functions. Non-linear 
strength values at 1 atmosphere confining pressure (14.7 psi) ranged from §=35° to 
<f)=51 ° .
Parameter variation/sensitivity studies were made using the Simplified Bishop's 
method and the computer program XSTABL. These studies demonstrate the influence of
V
basic parameters on the factor of safety of a mine waste dump. Extending these studies, 
the factor of safety was found to be higher using interpreted linear (C plus phi) strength 
values compared to non-linear (phi only) values for the same soil. This is likely because of 
the strong influence of the cohesion factor in the linear strength approach. Evaluation of 
two-wedge versus circular failure paths using the Janbu method and the program 
XSTABL indicate the two-wedge path generally yields a higher factor of safety.
Finite difference and finite element models of mine waste piles were developed using 
the computer programs FLAC and FEADAM84. The finite difference models simulate 
either a completely built waste pile or incrementally built pile. These models show 
different failure modes, depending on the simulated strength of waste pile materials. 
Development of zones of tensile stress near the top of the model as a result of 
compression or slope face instability demonstrate the potential for development o f surface 
cracking, such as that observed in the field. Settlement of the completely built model was 
determined to be about 5.3 percent of height.
The finite element model developed for the project contained 544 elements and 
simulated construction in 40 incremental layers. This model demonstrated that the 
development of imbricate or stairstep faulting near the crest (as observed in the field) 
could be modeled. Development of a zone of tensile stress and potential tension cracking 
near the dump surface was found to be due to downward and outward displacements of 
newly placed materials near the dump crest and the effect of this movement on adjacent 
interior soil elements. Surface cracking is estimated to initially extend 5 to 15 meters 
below the surface.
This research has demonstrated that failure and settlement features observed in the 
field may be simulated using computer methods and that the mechanics of deformation 
may be explained using basic principles and computer models. Proposed dump 
configurations and estimated engineering parameters may be varied to produce realistic
vi
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This dissertation addresses the issues of slope stability and deformation in mine 
waste dumps such as those constructed at several large open-pit gold mining operations in 
north-central Nevada. The deposits being mined at these sites are typically of the "Carlin 
type", named for the Carlin Mine located about 15 miles northwest o f the town of Carlin, 
Nevada, and consist of microscopic gold introduced by volcanigenic processes into 
sedimentary rocks. At these sites barren overburden rock is removed to gain access to the 
ore. This overburden has typically been discarded in the most efficient, least costly way 
possible, by dumping in massive piles. Traditionally, these waste piles have not been 
studied extensively because they were of little engineering significance to mine operators. 
About the only engineering aspect of importance was their general location in terms of 
mine layout and operating efficiency, especially the haul distance from the pit, which is an 
equipment and economic consideration. In the 1980's, environmental regulations forced 
mine operators to consider the design of waste dumps and in some cases placed 
requirements for maximum slope angles, factors of safety for slope stability, and site 
reclamation. These considerations have lead to the need for basic information on the 
strength and deformation characteristics of mine waste rock, and acceptable ways to 
analyze the behavior of waste dumps. Unfortunately, not much detailed information has 
been published on these topics, so one goal of this dissertation is to add to the base of 
knowledge in these areas.
As an engineering material, mine waste is somewhat unusual. It is a granular soil, 
composed of rock fragments ranging in size from fine sand or silt to boulders that may be 
several feet in diameter. It is usually placed with only incidental compaction and without 
moisture conditioning. The only comparable engineering soil that has been extensively
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studied and used is rockfill dam material, which notwithstanding its similarities, is 
generally a more narrowly graded material and is placed in lifts with compaction and/or 
moisture conditioning. Thus, fills constructed of these two materials behave somewhat 
differently. To the extent consider useful, research findings regarding rockfill behavior 
will be discussed in relation to mine waste materials during this study.
Field observations of real waste dumps, the materials present, placement methods, 
and features related to stability or deformation are important to an overall understanding 
of waste dump behavior. As a simplification, in the field in north-central Nevada, we 
observe slope instability is most often expressed as a series o f shallow "sliver" failures near 
the most recent fill face. Deformation observed in the field may be classified as either 
settlement or cracking in the top surface of the waste dump. Having made such 
observations, how do they relate, how are they linked to the engineer's needs in the design 
process or as a way of understanding existing problems?
This dissertation makes two connecting links between what may be observed in the 
field and the prediction or design of performance in waste dumps. One link is sampling 
and laboratory testing to determine the engineering properties of the materials with which 
we are dealing. The second is use of computer models in the analytical process to 
simulate various events such as waste pile compression, slope failure, and crack 
development. By studying their engineering properties in the laboratory and investigating 
the stability and deformation of waste dumps using computer models, we may develop a 
better understanding of their actual and potential modes of failure and deformation in the 
field, and thereby enhance our ability to predict behavior. As a research project, this 
dissertation looks at mine waste rocks in ways that are unique, and the findings add to the 




There are two aspects of the research problem addressed by this dissertation. The 
first is the lack of knowledge regarding the engineering characteristics of mine waste rock. 
The second is the lack of understanding regarding the stability and deformation behavior 
o f mine waste dumps and how certain features such as cracking and slope failures come to 
develop. These aspects define the nature of the problem, and lead to the following 
approaches to increasing our understanding in these areas:
Laboratory testing to develop strength and 
compressibility parameters for mine waste rock:
To address the first need listed above, this dissertation has sampled a number of 
waste rock materials from Nevada mine sites and developed strength and compressibility 
parameters suitable for use in preliminary engineering analysis. Strength parameters are 
developed using a special large direct shear device specially constructed for such materials 
by the Department of Geological Sciences at UNR. Compressibility parameters were 
developed using the same direct shear device using an innovative technique and treating 
the device as a one-dimesional consolidometer. In association with the analysis of 
laboratory data from these samples and in the process of trying to understand their 
engineering characteristics, information from civil engineering publications regarding the 
strength o f granular soils and rockfill has been reviewed.
The need for this research arises because the literature on this subject contains 
relatively little specific information regarding the strength and compressibility o f mine 
waste materials. Also, because of their coarseness, many mine waste materials are not 
easily tested for these characteristics in conventional soils laboratory testing equipment. 
These conditions translate to a lack of strength and compressibility data suitable for use in 
feasibility and pre-design level engineering analysis by the mining and consulting
communities. Design level analyses will always require site-specific materials, geometric, 
and geologic information. It is not the intent of this dissertation to provide such 
information.
Application of established limit equilibrium and 
numerical analysis techniques to mine waste stability 
and deformation problems:
The second aspect of the problem is addressed through computer simulations of 
settlement, deformation, and failure in waste piles. Most discussions of stability in the 
literature on mine waste are either very general, in that they discuss a broad range of 
analytical techniques without specific applications, or they demonstrate the application of 
a single technique to a specific set of material and site conditions. As such, they often do 
not explain the features observed at north-central Nevada sites. This project takes steps 
toward remedying this situation by applying data developed in the laboratory testing phase 
and supplementary information from the literature to both limit equilibrium and numerical 
analyses o f mine waste problems. Site geometry and conditions for the models used in 
these analyses are approximations of those observed in the field, in order to make the 
models as realistic as restrictions in the programs will allow. In taking this approach the 
intent is to demonstrate the application to mine waste problems of techniques normally 
applied to civil engineering works, while incorporating material parameters, construction 
methods, and site conditions that are unique to mine waste piles. In the process of 
analyzing simulated behavior, a number of models are produced that help explain the real 
stability and deformation behavior of waste dumps in Nevada.
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PROJECT SCOPE
The scope of work accomplished for this dissertation includes field sampling and 
observations, laboratory testing, and computer modeling. Sixteen bulk samples o f mine 
rock were collected from six mine sites in north-central Nevada. These samples averaged 
about 300 pounds each. At the mine sites visited, observations were made regarding 
methods of waste rock placement, and modes of failure and deformation present in the 
waste piles. Samples were returned to the UNR Geological Engineering Laboratory for 
testing. Particle gradation, point load, and slake-durability tests were performed. Using a 
15-inch direct shear device, the direct shear strength was determined and the constrained 
modulus was evaluated for all samples. The data from all of these tests was analyzed, 
placed in printed tables, and plotted in graphs to illustrate the results.
Based on the field and laboratory information, a parameter variation/sensitivity 
study was run using the program XSTABL (see discussion in Chapter 5). This study 
looked at the effects on waste pile factor of safety from varying such items as material 
strength, slope face angle, slope height, foundation slope, etc. Following this a 
comparison of factors o f safety was made for analyses using linear versus non-linear 
strength parameters. Finally, a comparison was made between the two-wedge and 
circular failure modes in waste piles. The above analyses involved many dozens of 
XSTABL runs to determine parameters of concern.
Using the numerical methods, finite difference and finite element, models were 
developed to simulate waste pile compression, slope failure, and surface cracking. Output 
from these simulations included stresses, strains, deformations and a variety of other 
parameters for the models. Finally, based on the constrained modulus values determined 
in this study, calculations were made for waste pile settlement.
6
BACKGROUND
This section presents information relating to the development o f geologic 
understanding that made possible the mining operations that have produced large mine 
waste piles in north-central Nevada. Other developments such as open-pit mining 
techniques and heap leaching are also briefly discussed.
Influential Structural Geology Concepts
The development of a regional geologic framework was an important precursor to 
understanding the potential location and origin of sediment-hosted gold-bearing deposits 
in northern Nevada. Stratigraphic and structural controls that lead to formation of the 
"Carlin-type" deposits include Precambrian fracturing, Paleozoic sedimentation, episodes 
of orogeny in late middle Paleozoic, late Paleozoic and early Mesozoic time, and 
plutonism , volcanism, and faulting in Mesozoic and Tertiary time (Roberts, 1986).
Some of the important milestones in understanding this complicated framework 
were (Roberts, 1986):
• Recognition in the 1930's and early 1940's of a deep-water chert and black shale 
facies, and shallow water (continental shelf) facies separated by what came to be called the 
Roberts Mountains thrust
• Beginning in 1939 USGS geologists synthesized mapping studies in the north- 
central Nevada area
• Work by Roberts on the Antler Peak quadrangle (1951) established the presence of 
the Roberts Mountain thrust in association with the Antler Paleozoic orogenic event; 
subsequent work by the USGS extended the known location o f this thrust to Manhattan 
on the south, Eureka on the east, and Mountain City on the north.
• Recognition of several windows in rocks overlying the Roberts Mountain thrust 
and publication of these finding by Roberts and Lehner (1955).
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• Publication by Roberts and others (1958) of a summary of USGS work in north- 
central Nevada, which brought into focus the relationships between upper and lower plate 
rocks and the associated assemblages
• Publication by Roberts (1960) of a USGS Professional Paper on the alignment of 
base and precious metal mineral districts in northeastern Nevada and their relationship to 
major thrust faults
Other significant events that influenced the development of large open-pit mining in 
this region included (Coope, 1991):
• Recognition of the significance of "invisible gold", that is, disseminated very fine 
gold that is identifiable only by assay, and occurs in sedimentary formations such as shale 
and limestone located in proximity to acid intrusives
• Application of the USGS findings by the minerals industry through innovative 
mapping and geologic exploration projects for precious metals
• Development of large mining equipment capable of handling huge quantities of 
low-grade ore and waste rock
• Development of heap-leaching technology for extraction of precious metals from 
very-low grade disseminated ores
Open-Pit Mining
The process of open-pit mining has been used extensively throughout the world for 
several decades. It is especially well-suited to sites with large tonnages of low-grade ore, 
located in areas with manageable environmental impacts (for example, major portions of 
north-central Nevada). The mining process begins with an extensive program of drilling, 
sampling and geologic mapping to prove the ore deposit. If the quantity and grade o f ore
is sufficient to  m ake the project an economic one, extensive engineering studies are
undertaken to  plan facilities and lay out the mine.
8
The mining process involves surveying and drilling of blastholes, followed by blasts 
scheduled for the end of shift on most weekdays. Waste rock is loaded by large 
excavators and hauled in trucks to waste dumps. Ore materials may by loaded and hauled 
to a crushing plant, stockpile, or leach pile, depending on the ore grade, rock gradation, 
and operational concerns. The excavators and loaders used are able to handle 20 to 30 
cubic yards of material at a time. The haul trucks are designed to carry 80 to 190 ton 
loads. A digging plan and frequent feedback of assay results add to the efficiency of the 
operations (NBMG, 1990).
Heap-Leaching With Cyanide
I f  the concentration of gold and silver in an ore is too low to pay for milling and 
additional processing, heap-leaching is often used for extraction of the precious minerals. 
Ore is taken directly to a leach pad or crushed and taken to be leached from the open pit. 
A leach pad is an area covered with a low permeability liner and incorporating leachate 
collection piping. Ore is placed on the pad and sprayed with a weak cyanide solution that 
percolates through the pile and dissolves gold and silver on the way. This "pregnant 
solution" is then channeled in ditches or piped to a storage pond. From the pond the 
solution is pumped through a recovery process that is similar to that used in regular mill 
recovery circuits (NBMG, 1990).
Reclamation
Waste dumps, stockpile areas, and heap-leach piles are designed for compliance 
with surface mining reclamation laws. The goal of reclamation is to return the land to 
productive use as soon after mining as possible (NBMG, 1990). It is expected that a site
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can never look the same as it did prior to mining, but in most cases dumps can be flattened 
or terraced, topsoil applied, and these major features are revegetated. In many cases, 
buildings will be dismantled and roads and parking lots regraded and seeded.
Revegetation is a difficult and time-consuming process because of the dry climate and 
poor soils at most sites. Native plants, adapted to the environmental conditions, generally 
give the best results.
SEQUENCE OF PRESENTATION
• The Abstract provides an overview of the entire project
• Chapter 1 begins with a general introduction to the dissertation, and moves to a 
statement of the problems addressed by the dissertation. A discussion of the scope of the 
project (specific types of tasks accomplished) comes next, followed by a discussion of 
some o f the geologic concepts and mining processes important to the development of ore 
deposits of the Carlin type. The chapter closes with a listing of the sequence of 
presentation in the report.
• Chapter 2 provides discussion of the sampling methods and locations, sample 
descriptions, observations regarding mine waste dump morphology and stability, and ends 
with brief descriptions of the geologic site conditions at each collection site.
• Chapter 3 contains a discussion of the factors that influence strength o f granular 
soils, such as those found in most mine waste dumps being studied for this project.
• Chapter 4 deals with the laboratory testing for the project and presents summary 
results for some of the parameters that were evaluated (complete results are in the 
appendices).
• Chapter 5 presents a summary discussion of limit equilibrium slope stability 
analysis methods in common use, background on the computer program XSTABL that 
was used in the present study, and a sensitivity analysis to evaluate the influence of various
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parameters such as friction angle, cohesion, slope height, etc. on the factor o f safety of a 
slope. A comparison is made between linear and non-linear strength with respect to factor 
of safety determined in analyses. The two-wedge failure mode is discussed and a 
comparison of failure paths and factors of safety is made between this mode and the 
circular failure mode.
• Chapter 6 begins with a discussion of the finite difference method of analysis and 
the computer program FLAC. It then proceeds to discussion of slope stability, settlement, 
and the potential for surface cracking, based on analysis using finite difference models.
• Chapter 7 is similar to Chapter 6, however the numerical method discussed and 
used was the finite element method, with the program: FEADAM84.
• Chapter 8 contains a discussion of settlement in waste piles, including an analysis 
using the constrained modulus parameters developed during this study.
• Chapter 9 presents a summary of the findings from the study and conclusions 
from each major topic.
• Chapter 10 (Bibliography) lists references used in the study as well as general 
reference material related to the topic of study.
• Eight Appendices present spreadsheets and graphs of the testing and analyses 
done for the project, figures from computer analyses, and examples of the input and 
output files for some of the models.
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CHAPTER 2
FIELD METHODS, OBSERVATIONS, AND SITE GEOLOGY
This chapter addresses the following topics:
• Sampling locations, methods, and sample descriptions
• Mine site summary geologic descriptions
• Field observations regarding mine waste dumps
Discussion of topics relating to the sampling and geologic conditions are important 
to explain what the materials used in the study were and where they came from. This 
places the overall project in the context of one researching "real" materials, one which may 
have practical application to engineering analyses at mine sites. Field observations are 
important in terms of relating features that occur in the field to findings of the model 
studies and other analyses performed for this project.
SAMPLING LOCATIONS







The locations of these mines are shown on Figure 2.1. The geology of these sites is 




All waste rock materials were collected as "grab samples" and except for the 
Candelaria CF (bottom) sample, were obtained near the top outside edge o f waste piles. 
The sampling locations generally were in distinct piles dumped at the top of the waste pile 
slope, in material that had not segregated on the slope. Sample CF (bottom) was collected 
from the toe o f a slope directly below sample CF (top) to show the effects of particle 
segregation caused by tumbling down a dump slope.
Because o f the wide range of particle sizes present in waste piles, from clay and silt 
size particles up to boulders, it was not possible to collect a truly representative sample.
In the field, a definite effort was made to eliminate particles larger than about 3 inches in 
least dimension while sampling. This was done because the direct shear test (as performed 
for this study) could not use particles any larger than 3 inches. No effort was made to 
adjust the gradation of test samples to be parallel or otherwise proportional to actual field 
gradations. This approach is justified by the assumption that the frictional characteristics 
of a coarse granular material are largely determined by the "matrix" (gravel and finer 
particles) o f the material rather than the large particles. Adjusting the matrix material to 
be parallel to some assumed real gradation, as has been done in some research projects, 
would change the matrix, making it finer and possibly less representative of the field 
materials.
Samples were shoveled into 5-gallon plastic buckets, with about 20 gallons or 250 
to 300 pounds o f material collected per sample. Materials were in slightly moist to dry 
condition when collected (except for the Round Mountain samples, which were moist). 
Samples buckets were transported by pickup to the testing laboratory at UNR, where they 
were stored inside throughout the period of testing. After sample splitting and other 
handling, the samples were found to be in a dry condition, except for the Round Mountain 
Samples, which were dried in the laboratory and in an oven.
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SAMPLE DESCRIPTIONS
The gradation and visual classification of the samples collected for this study are 
presented in Table 2.1.
OBSERVATIONS REGARDING MINE DUMP MORPHOLOGY
The waste piles visited for this study were either of the valley-fill (see Photo 2.1), 
side-hill type (see Photo 2.2), or large fan (see Photo 2.3). In the cases o f very large fills, 
a combination of two or more types may be present.
Methods Of Fill Placement
Waste piles visited were generally of two construction types: 1) end dump, 
continuous angle of repose slope; 2) layers, with thickness about 50 feet. Most dumps, 
especially older ones, were of the former type. Maximum vertical slope height in the 
slopes visited was about 250 to 300 feet. Based on observations and discussions with 
mine site geologists, no special compactive work was done on any of the waste piles. 
However, incidental compaction of the near-surface material in either construction type 
was accomplished by loaded trucks and track walking. The depth of penetration of this 
compactive effort is probably about 10 to 15 feet (guess).
Angle of Repose Slopes
At these sites the waste rock trucks dump their load at the crest o f the slope and 
material tumbles directly down slope or is pushed off the edge by a dozer (see Photo 2.4). 
The fill is usually placed on a foundation of native soil and rock, without stripping or other 
preparation. Foundations were observed to include alluvial fan deposits, colluvial soil, 
and weathered in-place soil, sometimes with shallow bedrock. Minor amounts o f brush 
and grass become incorporated in the fill foundation zone. In most cases filling begins on 






! GRADATION ! DESCRIPTION
j B a ld  M tn IB M | W ell graded sandy  
! gravel, (G W )
j S iltstone or h o m fe ls e d  sh a le , dark gray and  brow n, i 
j hard, angular, brittle , la m in a ted  a n d  jo in ted  
: particles, s l ig h tly  w eath ered  to  fre sh , sm ooth  
i particles
j B arrick |G | W ell graded sandy  
: gravel, (G W )
: D iorite , f in e -m ed iu m  gra in ed , gray , hard,
1 m oderately an g u la r  overa ll w ith  fre sh ly  broken  
: p ieces angular, rou gh  p artic le  su rface  i
|U P j W ell graded sandy  
! gravel, (G W )
: S iltstone, p in k  to  gray, m o d erate ly  to  very  angu lar, j 
■ m oderately hard, sm ooth  p artic le  surface
:U P A j W ell graded sandy  
j gravel, (G W )
i A rg illa ceo u s sh a le , b row n  to b la ck , hard, s lig h tly  
1 w eathered , m od erate ly  to  v ery  an g u la r
I B ig  S p rin gs IM S i W ell graded sandy  
i gravel. (G W )
i A rg illa ceo u s s ilts to n e , b lack , hard , fre sh  to s lig h tly  j 
i w eathered, fin e -g ra in ed , brittle
;m s o i W ell graded sandy  
| gravel, (G W )
I A rg illa ceo u s s ilts to n e , browm, m o d erate ly  to  
: h eav ily  w eath ered , fin e -g ra in ed , m od erately  
j angular j
| C an d elar ia IC F - T op | W ell graded sligh tly  
| sandy gravel, (G W )
: S iltstone an d  sh a le , tan , hard, an gu lar , s lig h tly  
; lam inated  and  w'ell jo in ted , sta in ed  dark browm,
: fin e-g ra in ed  !
j C F - B ott. i M oderately  w ell 
; graded  gravel (G W )
: Sam e as CF - T op
PH | W ell graded sandy  
| gravel, (G W )
! Serpen tin ized  perid otite , dark gray-green , heavy,
; m ed ium  gra in ed , rough  surface texture, ranges  
| from  u n w eath ered  to m od erately  w eathered , m o st is  i 
slig h tly  w eath ered , angu lar, u m veath ered , is  v e iy  
1 hard, m oderately  w eath ered  is  m od erate ly  hard to  
soft
I N e w m o n t CG W ell graded sandy  
| gravel, (G W )
W elded  and  n o n -w e ld ed  tuff, p in k  and  tan , n o n -  
w'elded p ieces  are fr iab le  by h an d , f in e  to  m ed iu m  
grained, w 'elded tu f f  h as rou gh  su rface  texture, n o n - j 
w elded  tu ff  is  sm ooth
M C ! W ell graded sandy  
gravel, (G W )
S iltston e/san d ston e , red-brow n, m o d era te ly  
w eathered, m od erately  so ft to  hard, so m e  b ed d in g  
and jo in tin g  in  rock  partic les
N D W ell graded sandy  
gravel, (G W )
.......... j
S iltstone and a r g illiz e d  sa n d sto n e , brow n  to red- 
browm, m od erately  hard to v ery  hard , m od erately  
angular, m od erately  w ea th ered  o v era ll w ith  som e  
fresh
N D M Sam e as N D
j R ou n d  M tn R M 1 W ell graded sandy j 
gravel, (G W )
W elded  tuff, m ed iu m  to coarse  g ra in ed , gray- 
browm, m od erately  an gu lar, hard, s lig h tly  
w eathered
R M 2 W ell graded sandy  
gravel, (G W )
N o n -w eld ed  tu ff, lig h t  gray, m o d era te ly  angular, 
soft to m od erately  hard, so m e  p ie c e s  fr iab le
R m 3 See R M 2 j
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Photo 2.2. SIDE HILL WASTE PILE - CANDELARIA
17
Photo 2.3. LARGE FAN DUMP - CANDELARIA
Photo 2.4. ANGLE OF REPOSE SLOPE - BALD MTN.
slight downward gradient. The active face or outside edge of the fill becomes 
progressively higher and the slope longer as the pile builds. Most piles start from one 
location, for example an access road, and build outward in a fan shape. This creates a 
circular face on the waste pile that may curve through 90 to 120 degrees over a distance 
o f several hundred feet. With this method, only the top layer is compacted by equipment 
working on the fill and the majority of the fill receives no compaction.
Angle of repose slopes were measured on several waste rock piles. These slopes 
were generally 37-degrees ±3-degrees overall, with local steepening near the crest (see 
Figure 2.2). This corresponds well with values reported in the literature. PAE, (1991) 
reports that the average repose angle of free-dumped cohesionless rockfill is 37 degrees 




ANGLE OF REPOSE SLOPE 
Waste Fills Built In Lifts
Waste piles constructed in lifts are generally of a more modern design that attempts 
to comply with increasingly strict environmental regulations (see Photo 2.5). This type of 
construction was observed at Newmont, Barrick, and Round Mountain mines. Topsoil is 
first stripped from the fill area and stockpiled for use in reclamation. Fill begins at the 
lower end of a fill zone with placement by dumping and dozing on benches. Successive
19
Photo 2.5. WASTE PILE BUILT IN LIFTS
Photo 2.6. CREST FAILURE IN WASTE PILE - CANDELARIA
2 0
lifts may step back to create benches of variable width between 50-foot-high angle-of- 
repose slopes. These benches may eventually be removed by pushing the outside edge 
downward and covering the inside portion with material from the next higher lift. This 
type of reclamation produces an overall slope flatter than the angle of repose and is more 
amenable to topsoil placement and revegetation during reclamation. With this method a 
portion o f each lift is compacted by operating equipment, although it is difficult to 
evaluate how deep or consistent the penetration of compactive effort may be.
Particle Segregation On Slopes
It was observed on waste piles that rock dumped or pushed over the crest becomes 
segregated, with coarser material tumbling farther down the slope, and fine material 
tending to move a shorter distance. This may be seen in Photo 2.2. Boulder and cobble 
sized materials often end up at the base of a waste pile, creating a zone of very coarse 
granular fill on the foundation which is progressively over-ridden as the pile advances.
This tends to be a zone of high strength and is free-draining. Conversely, relatively finer 
materials are concentrated near the crest. This material may have lower strength than 
material at the base of the pile if it contains cohesive fines or more highly weathered 
material.
OBSERVATIONS REGARDING MINE WASTE STABILITY 
Crest Failures
Crest failures are common on older inactive waste piles but were harder to find on 
active fills. This may be because of two factors: 1) failures may take some time to 
develop to the point they are obvious; and 2) on active fills, failures are immediately 
covered by new material. Failures of this type were observed to occur in a zone about 5 
to 25 feet back from the crest. They tend individually to be rather local, a few tens of feet
long, 5 to 15 feet wide and extending down the slope 20 or 50 feet. They may coalesce 
with other failures along the strike of the slope and may have an imbricate "stairstep" 
structure perpendicular to the slope. Dipslip offsets on individual failure blocks or steps 
were observed to vary from less than a foot to about 12 feet (see Photo 2.6).
General Failures
Large failures, whether of the circular slip type, wedge, or other form are rare at the 
mine sites visited. The fact that these features are rather uncommon while crest failures 
and sliver failures near the face are common is itself an important observation about the 
way in which most mine waste piles fail in the study area.
One of the few large failures was observed at Big Springs, in a fill on the outside 
edge of a major fill. The area that could be seen to be affected was about one-half acre in 
size and involved fresh fill over an existing older wastefill. It appeared the failure visible at 
the time of the visit was either the result of reactivation of previous failure features or 
excessively loading an older weak material and causing new failures. Because almost 
everything relating to the old dump was buried by new fill, it was impossible to properly 
evaluate the type of failure underneath.
Cracking and Settlement
Cracks were observed in the top surface of several older dumps (see Photo 2.7). 
They varied from about 2 to 6 inches wide, appear to be vertical near the surface and run 
roughly parallel to the slope face. They were of undetermined depth. They were observed 
at various sites to be located at distances back from the existing slope face ranging from 




Photo 2.8. WASTE PILE CRACKING - CANDELARIA
At the fill on the south side of Candelaria Mountain the following sequence of features 
was observed:
o Several cracks within the first 25 feet back from the crest
o At about 30 feet from the crest, a crack with a one- foot vertical offset
(side away from the crest was up) in addition to 2 to 4 inches of opening 
o At about 55 feet from the crest, a second crack having a one-foot vertical 
offset, similar to the first
o At about 85 feet from the crest, another crack without vertical offset
In the area between the cracks closest to the crest and the first crack with vertical 
offset, and between the two cracks with vertical offsets, the ground was slightly tilted 
away from the crest. This group of cracks was observed to be on the trend of and diverge 
from a fairly extensive zone of crest and imbricate sliver failures. These factors suggests 
the possibility that the cracked areas represents the tops of failure blocks that have tilted 
and rotated slightly, but not undergone a large displacement as was observed for the 
adjacent failure zone. The crack that was observed about 85 feet back from the crest may 
represent a tension crack, possibly connected to a zone of incipient failure.
At the large dump located east of the Candelaria open pit, cracks were observed at 
approximately 50, 100, and 150 feet back from the crest (see Photo 2.8). In places there 
are areas of several hundred square feet that have settled up to 4 feet.
At Big Springs mine, the Dry Canyon waste fill has several longitudinal cracks 
located about 100 feet back from the crest in the middle of the pile and converging with 
the edge near the west end of the pile (see Photo 2.9). A broad, shallow band of 
settlement (estimated at 6 inches to a foot) trends along the same alignment as the 
cracking. These features extend several hundred feet along the fill.
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Photo 2.9. WASTE PILE CRACKING 
CANDELARIA
Photo 2.10. WASTE PILE CRACKING 
BIG SPRINGS
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SITE GEOLOGIC CONDITIONS 
Bald Mountain
Bald Mountain mine is located in the southern end of the Ruby Mountains in central 
Nevada. The oldest rocks exposed in the vicinity of the site are part of the Cambrian age 
Dunderberg Shale. These are overlain by an Ordovician through Pennsylvanian age 
sequence of limestones, quartzites, dolomites, and shales. These sedimentary rocks are 
tilted 10 to 20 degrees eastward, were intruded by two stocks, and are cut by three sets of 
faults which strike north, northwest and northeast. Quaternary alluvium overlies the older 
formations in some places (Hose and Blake, 1976).
Sample BM was collected from waste rock derived from the Dunderberg Shale.
This unit is mainly a light-olive-gray silty shale. In proximity to the intrusive stocks, the 
shale has been hornfelsed.
Barrick and Newmont
These sites are adjacent to each other and located about 20 to 25 miles north of 
Carlin, Nevada. The Cambrian to Devonian age rocks in north-central and northeastern 
Nevada have been divided into two assemblages, separated during the Late Devonian and 
Early Mississippian Antler orogeny by the Roberts Mountain thrust fault. An 
allochthonous (upper plate) assemblage of chert, perlite, sandstone, greenstone, and minor 
carbonate is identified as the western assemblage. A parautochthonous assemblage (group 
of rocks within the insitu plate) of carbonate, quartzite, and shale is identified as the 
eastern assemblage. The rocks of both assemblages have been overlain by Mississippian 
rocks and a sequence of clastic rocks derived from erosion of the Antler orogenic belt.
The Mississippian rocks are in turn overlain in the Carlin area by a discordant sequence of 
carbonate and clastic rocks of Pennsylvanian and Permian age. The Paleozoic rocks are 
intruded by granodioritic stocks of Jurassic and Cretaceous age. The intusive rocks
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outcrop in a linear belt that coincides with the zone of mineralization currently being 
mined.
Tertiary rocks in the Carlin area include shale, siltstone and intermediate to silicic 
tuffs and lavas, mainly of Eocene and Oligocene age. Miocene age mafic and silicic dikes, 
plugs, and stocks as well as tuffaceous sedimentary rocks of Pliocene and Quaternary age 
overlie the older rocks in the area. Gold deposits in the Carlin gold belt occur in both of 
the Paleozoic assemblages mentioned above, as well as in the granitic rocks (Bonham, 
1984).
Sample G came from an argillized granodiorite unit. Sample UP came from a 
siltstone unit, and together with sample G, these two comprise the bulk of the mine waste 
rock. Sample UPA is from a unit called by local workers the Upper Plate Argillite, and 
comes from just above the major thrust fault that lies between the two Paleozoic 
assemblages (Bonham, 1986; Roberts, 1986; and Roberts, et al., 1967).
Big Springs
The Big Springs mine is located 65 miles north of Elko, Nevada, on the north fork 
of the Humboldt River. The host for gold mineralization is a sequence of Permian 
sedimentary rocks that have been deposited upon the upper plate rocks o f the Roberts 
Mountain Thrust. These in turn have been overthrust by the Mississippian Schoonover 
Formation which consists mainly of chert, siliceous argillite, sandstone, carbonaceous 
siltstone, congolmerate and volcaniclastic sediments. Underlying the Schoonover 
Formation is the Schoonover Thrust. Beneath this are the Permian host sediments, 
consisting largely of siltstone that is altered and brecciated. Within this sequence is the 
northeast dipping Argillic Fault. Little mineralization occurs beneath this fault. A set of 
north to northeasterly trending and a set of east-west trending faults are also present in the 
site vicinity. These are probably related to Tertiary Basin and Range extensional stresses.
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Samples were collected from the Schoonover Formation. Sample MS was from a 
black, carbonaceous siltstone unit in the formation. Sample MSO was from a brown 
oxidized (more weathered?) portion of the formation (Coats, 1987).
Candelaria
The Candelaria Hills area contains a structurally complex sequence of rocks. At the 
base o f the sequence are highly folded Cambrian sediments. Overlying these are 
Ordovician and Devonian rocks of the Roberts Mountain Allochthon. These include 
chert, argillite and sandstones that are highly deformed and structurally interleaved. The 
Triassic Candelaria-Diablo Autochthon overlies the Roberts Mountains Allochthon, and 
contains the Diablo grit (coarse sandstone with chert fragments) and Candelaria Formation 
sedimentary rocks. These are in turn over- ridden by the Pickhandle Allochthon, a 
melange of mafic volcanics and sediments with interleaved ultramafic rocks. Over the 
Pickhandle is the Golconda Allochthon, a sequence of mudstone, sandstone, limestone, 
and chert of Mesozoic age. Near the top of the column is a thick sequence o f dacitic to 
rhyolitic ash flows and tuffs of Tertiary age. Thin Quaternary near surface deposits overlie 
the older rocks (Watters, 1986).
The Candelaria Formation is a Triassic assemblage of siltstone, shale, limestone, and 
sandstone. Sample CF is from Candelaria Formation rocks and consists o f siltstone and 
shale. The Pickhandle Formation, as stated above, is an assemblage of mafic volcanics, 
limestone, chert and dolomite intermixed with serpentinized peridotite (ultramafic rock) 
faulted into contact with the Candelaria Formation. Sample PH is from the Pickhandle 
Formation, however only particles of serpentinized peridotite were observed to be present 
in the material collected.
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Round Mountain
The Round Mountain mining district is located on the western slope o f the 
Toquima Range, Nye County, Nevada. The Toquima Range contains lower Paleozoic 
metasedimentary rocks including Cambrian to Ordovician schist, phyllite, argillite, 
quartzite, and limestone. They are complexly folded and faulted and have been intruded 
by Cretaceous granite. Both the older metasedimentary rocks and the granite have been 
cut by northeast-trending andesitic and rhyolitic dikes dated at about 35 million years 
(m.y.) old. Oligocene (26-28 m.y.) ash-flow tuffs from vents located northwest and 
northeast of the Round Mountain outcrop in a wide band along the western flank of the 
Toquima Range and form the host rocks for the Round Mountain lode gold deposits.
These deposits are thought to occur near the rim of a large cauldera complex and 
are found in a 1400-foot thick section of rhyolitic tuff that includes a 400 to 500 foot 
thick non-welded base, a densely welded central portion about 800 feet thick, and a less 
densely welded altered top section that is 75 to 100 feet thick. The three parts of the tuff 
unit are fairly distinct, but gradational between the parts. Together, they are generally 
called the Round Mountain Tuff. Underlying this unit is a thick section of rhyolite tuff 
megabreccia containing blocks of Paleozoic rocks. This unit is thought to have originated 
during the collapse of the cauldera complex. Stratigraphically above the Round Mountain 
Tuff is a relatively thin unit of water laid volcaniclastic sandstone and siltstone.
Northeast- and northwest -trending steeply dipping faults cross the Round 
Mountain Tuff and play a dominant role in controlling the lode gold mineralization. 
Within the mine area the Round Mountain Tuff has a gentle southwest dip. All outcrops 
in the welded portion show a prominent low-angle jointing that is probably related to 
stresses at the time of its original cooling. A set of high-angle joints is also present in the 
tuff and underlying megabreccia.
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The tuff of Round Mountain contains up to 30 percent broken crystals o f quartz, 
sanidine, plagioclase, and biotite in a groundmass of devitrified glass. Proplyitic alteration 
is common. The main body is light gray to brown-pink in color where unaltered and the 
altered portions are tan to cream colored. The lower unit is light gray to tan, has a 
popcorn texture, and is very soft. Like the lower unit, the upper unit is unwelded, but it is 
silicified.
Workers at the site differentiate two basic types of tuff, labeled simply Type 1 and 
Type 2. Sample RM1 is Type 1, a slightly weathered brown tuff and is clearly from the 
middle welded unit of the formation. Sample RM2 is a gray, highly weathered Type 2 
tuff, and Sample RMS is a brown moderately to highly weathered Type 2 tuff. Both of 
these are from the non-welded lower unit of the formation (Tingley and Berger, 1985).
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CHAPTER 3
STRENGTH OF GRANULAR MATERIALS
A granular soil is composed of mineral particles larger than about 0.07 mm or No. 
200 standard U.S. sieve size. Such soil does not exhibit any significant true cohesion 
(resulting from electrostatic particle attractions) and is free-draining (water not bound 
inside particle structure), with low retention of water between particles in drained soils. 
Coarse granular soil is composed at least 50-percent by weight of gravel (1/4-inch 
diameter) or larger particles, however, usually less than 50-percent of the particles exceed 
6-inches in diameter. Under the Unified Soil Classification System (U.S.C.S.), such 
materials are typically called well graded gravels. If more than 50-percent of the particles 
(by weight) exceed 6-inches, it is a boulder soil. Based on the grain size distribution 
testing discussed in Chapter 4, all the samples for this project fall in the U.S.C.S. 
classification of well-graded gravels.
A major part of this project involves developing strength parameters for mine waste 
rock through testing and analysis and assumes the materials being talked about are coarse 
granular soils. This chapter addresses the questions of what components make up the 
strength o f coarse granular soils and what factors may be said to influence or bring about 
changes in their strength. It is presented as background information to help understand 
the behavior o f mine waste materials.
SOURCES OF SHEARING RESISTANCE IN GRANULAR SOILS
The shearing resistance of granular soils may be thought of as deriving from three 
sources: 1) energy required for particle movements; and 2) energy required for shearing 
through, crushing, or breaking particles; and 3) energy required for expansion (Lee and 
Seed, 1967; Houston, 1981). These are factors or types of resistance that must be 
overcome and that require the application of a force in order to shear the soil.
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Particle Movement
In the zone of shearing, particles slide past each other, rotate out of the zone of 
shearing, rotate to align with the shearing motion, or roll past each other. All these 
interactions involve friction between particles and if movement is to occur, energy must be 
applied to the system to overcome this friction. In the process o f rotating out o f the way, 
some particles may also crush themselves or adjacent particles.
Enerev For Crushing or Breaking Particles
To some degree, particles are interlocked and unable to move past each other as 
described above. This is more pronounced in materials with platy or tabular particles that 
are difficult to roll or rotate, in dense materials, and in well graded materials (lower void 
space to allow movement). In such situations particles may be crushed, sheared through, 
or otherwise broken. In any case, these actions require an input of energy to the system if 
the shearing is to occur.
Enerev For Expansion
Shearing a granular soil that has a void ratio below the critical void ratio ( esample < ec) 
will result in expansion (positive dilatancy) of the sample, while shearing a sample that has 
a void ratio above the critical void ratio ( esampl„ > ec )will result in contraction (negative 
dilatancy) of the sample. The degree of volume change and the value of the critical void 
ratio depends on the confining pressure. Dilatancy is high and positive at low confining 
pressures (sample expands) and becomes negative at higher confining pressures (sample 
compresses). When shearing a relatively dense sample ( esample < ec) two interlocked 
particles may try to move up and over each other, performing work against the confining 
pressure and in the summation of all such movements, dilating the sample (Houston,
1981).
FACTORS EFFECTING STRENGTH AND STRESS-STRAIN 
RELATIONSHIPS
Factors effecting the strength and stress-strain characteristic o f a soil may be 
considered either intrinsic (having to do with the composition of the sample) or 
environmental (having to do with the stress history, mode o f origin, or conditions of 
shearing).
Intrinsic Parameters
In general, the following parameters work together to effect the stress-strain and 
strength characteristics of a soil. In some soils, however, an individual parameter may 
play a dominate part (Houston, 1981).
Mineral/Rock Composition
The angle of friction for interparticle sliding of matrix grains can be a factor. Horn 
and Deere (1962) have made a study of sliding friction for different minerals.
Surface Roughness or Texture.
Greater surface roughness tends to produce a higher angle of internal friction, 
especially at low pressures. This effect is less significant at higher pressures because other 
factors assume more importance (Marachi, et al, 1969).
Particle Shape.
Angular particles tend to produce a higher angle of internal friction. For the angle 
of friction in rockfill materials, Becker (1972) found the significance of angularity was 
greater for hard materials compared to soft materials (other factors being equal). He 
found angularity to be important up to about 400 psi confining pressure in hard materials 
(volcanic rocks, argillite), but only important up to about 30 psi in softer materials (marine 
sandstone). Becker also found that angularity had little influence with respect to total 




Well-graded soils can be compacted to a higher density than uniformly-graded soils, 
hence tend to have higher strength and be more dilatant, for a given void ratio. Also, 
poorly graded materials tend to be more compressible.
Maximum Particle Size.
In typical granular engineering soils (sands), grain size plays a relatively minor role; 
however, in very coarse soils such as mine waste and rockfill, it may be a factor. Marachi 
(1969) found in triaxial testing that at any given confining pressure the angle o f friction for 
samples with maximum 6-inch diameter particles was 3 to 4 degrees less than for samples 
with maximum 1/2 inch particles and 1 to 1-1/2 degrees less than for samples with 
maximum 2 inch particles. Becker (1972) found a similar result with hard-particle samples 
showing less difference than soft-particle samples. Because large particles often have a 
greater number of microfractures or other structural weaknesses (layering, variation in 
mineralogy, etc.) compared to small particles, they tend to break under shear or 
compressive stresses. Marachi (1969) cites this as a concept based on "Griffith's crack 
theory". This behavior may affect both strength and compressibility.
Hardness.
Becker (1969) found that the angle of friction for hard-particle materials is greater 
than for soft-particle materials at low confining pressures, but above 400 psi, the angle of 
friction is practically independent of hardness. For materials with the same maximum 
particle size, gradation, and placement void ratio the amount of volumetric strain during 
consolidation was slightly greater for soft materials versus hard materials. He also found 
that under isotropic consolidation hardness played a more important role than angularity 
(other factors being equal).
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Particle Structure.
The presence of structures in the particles, such as bedding planes, foliation, 
jointing, visible cracks, and microcracks may effect the strength of a material, since they 
may influence the degree of crushing and breaking in particles (see section Maximum 
Particle Size).
Environmental Factors
The environmental factors relate to the stress history, mode of placement, and 
conditions under which the deposit ages (Houston, 1981).
Relative Density.
Relative density is a very important factor in determining the stress-strain and 
strength characteristics of a soil; higher relative density is associated with stiffer and 
stronger soil and greater dilation. Becker (1972) found that with the same placement void 
ratio, for all materials and specimens (he tested) the angle of friction decreased with 
increasing confining pressure, up to 650 psi. Materials with hard particles showed less 
decrease than softer materials, because of particle crushing in the latter.
Origin Of Deposit or Method of Placement.
The degree of vibration, water content, layer thickness, applied compaction stresses, 
method of tipping, and segregation during dumping may all have an effect.
Confining Pressure.
Because of a typical curvature in the Mohr envelope for granular soils, at low 
confining pressures the angle of internal friction tends to be higher than for greater 
confining pressure. Compression tests on rockfill by Kjaernsli and Sande (1963), and 
Marsal (1967) show that compressibility decreases as the pressure increases. Lee and 
Seed (1967) note that the deformation and strength characteristics determined by a test 
are effected by the tendancy of particles to crush under high confining pressure. Leps
(1970) found in his review of a majority of published triaxial tests on rockfill up to 1970 
that friction angle (as an expression of shearing strength) varies markedly as a function of 
normal pressure. At low normal pressures (less than 10 psi) friction angles were 45 to 60 
degrees with an average value about 50 degrees. For normal pressures o f about 200 psi, 
the friction angles varied from 36 to 45 degrees, with an average value o f about 39 
degrees. These aspects of stress and strain are discussed in a later section "Non-Linear 
Stress-Strain Relationships.
Shear Strain.
Leps (1970) reviewed a number of strength tests on rockfill material and found that 
for nearly all failure strains reported at lateral pressures in excess of 100 psi, the axial 
strains were in excess of 10 percent, and the strain for poorly graded materials exceeded 
15 percent. Failure strains for samples tested at low confining stress were 1/3 to 1/2 those 
tested at high confining stresses.
Water.
The presence of water in some soils may reduce their angle of internal friction by 
several degrees. A majority of minerals, except quartz, have a lower angle of friction 
when wet. The presence of water may effect cementation in soil, especially from clay or 
water soluble minerals.
Weathering Effects.
In older deposits, alteration of minerals may lead to softening o f particles (reduction 
in strength) or development of cementation between particles (increase in strength). 
Boundary Conditions.
Plane strain vs. triaxial conditions may make a difference in soil behavior; in general, 
soils are stronger in plane strain because the intermediate principle stress (parallel to an 
embankment slope) is greater than the minor principle stress, whereas under triaxial 
conditions, it is equal to the minor stress (producing less confinement and lower strength).
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Marachi found that for plain strain compared to triaxial conditions, loose sand produced 
an angle of friction 0 to 2 degrees different and dense sand produced an angle of friction 
up to 7 degrees different (triaxial being less). Becker (1972) found that for plane strain 
conditions at less than 100 psi confining pressure, the angle o f friction was 3 to 6 degrees 
greater than for comparable triaxial conditions. For confining pressures greater than 400 
psi, he found a 1 to 4 degree difference.
PARTICLE INTERACTIONS DURING DIRECT SHEAR TESTING
As discussed in the previous section, the types of particle interactions in a soil 
undergoing shear includes sliding, rolling, crushing or shearing, and moving up and over. 
During a typical direct shear laboratory test of a granular soil, undoubtedly all of these 
interactions are occurring. Keep in mind that normal stress is held constant throughout 
the test. Taylor (1948) showed a plot of the data taken for such a test on Ottawa standard 
sand. This is presented below as an example of a typical test result using standard 
laboratory equipment (see Figure 3.1). Discussion of the laboratory testing for this project 
will show that there are differences in the test results when using non-standard equipment 
on large samples. Note that in Taylor's test the dense sample is undergoing positive 
dilation (lower half of figure) until nearly the end of the test, well past the peak strength, 
and the loose sand undergoes initial compression, followed by a modest positive dilation 
for most of the test.
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S3
Shearing D isp lacem ent (in.)
Figure 3.1.
DIRECT SHEAR TEST, OTTAWA SAND (Taylor, 1948)
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One may infer that the movement of particles up and over one another, causing 
sample dilation, is an important interaction. In the typical direct shear test dilation is 
allowed, because the normal load is transferred mechanically to the sample from a 
platform scale by a yoke that bears on the sample container. Also relevant is the 
possibility that during the process of particles moving up and over one another, the normal 
stress is concentrated on those particles and the adjacent sliding and rolling particles are 
getting a free ride, so to speak, with reduced normal stress on them.
In the Rocktest direct shear machine used for this project, there are restrictions on 
positive sample dilation caused by the application of normal load to the sample through a 
hydraulic system and headframe. The testing procedure allows dilation of the sample, but 
is not as simple and direct as the approach used in more conventional direct shear testing.
During the initial stages of the shearing test, for virtually all samples, one has to 
repeatedly pump up the hydraulic pressure for the sample normal load. This process 
suggests the sample is contracting, and to maintain a constant normal load, the hydraulic 
ram must be repeatedly extended. Actually the contraction may consist of two parts: 1) 
consolidation under static load caused by particle crushing; and 2) contraction during 
shearing caused by particle reorientation and crushing.
MINE WASTE STRESS-STRAIN CHARACTERISTICS 
Brittle vs. Non-Brittle Behavior
Consider the top half of Figure 3.1 (Taylor, 1948) in which the stress-strain curves 
are shown for direct shear testing of typical dense and loose sand. These soils may also 
serve to illustrate the behavior of brittle and non-brittle granular soils. The non-brittle soil 
(e.g. loose sand) shows a steady increase in the strain rate with increasing shear stress, 
until reaching an ultimate value of stress that produces very large strain. The brittle soil 
shows a similar steep initial rise but reaches a peak stress value, after which the shear
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stress reduces with further strain until an ultimate or residual value is reached (Bromhead, 
1986).
The stress history of a deposit, relative density, and degree of cementation may all 
influence which of these two types of behavior it exhibits. In a loose condition, granular 
soils typically show non-brittle behavior, while in a dense condition, the same soil may 
show brittle behavior. Weathering and deposit age may also play a factor, as older 
deposits tend to be denser and more cemented. Based on the direct shear testing for this 
project, newly placed mine waste rock nearly always exhibits non-brittle behavior.
These two types of behavior have significant implications with respect to the load 
carrying ability of soils and their behavior in slopes (see discussion of failure in Chapter 5). 
In a non-brittle soil the load transmitted will increase to a point and then remain constant. 
In a brittle soil the load carrying capacity of the soil will reach a peak and then decline to a 
lesser, residual value.
STRENGTH OF GRANULAR SOILS IN TENSION
Review of the Mohr-Coulomb plots in Appendix B, and the discussion in Chapters 3 
and 4, one can see that it is possible to interpret a cohesion intercept for the soils studied 
in this project. By extending the envelope to the left, a tensile strength may be 
determined. In clayey soil, the ability of the soil to withstand tension is created by the 
electrostatic attraction of particles and negative pore pressures generated by placing the 
sample in tension, and these are present regardless of the confining pressure. In granular 
soils, the cohesion intercept and assumed tensile strength are related to particle 
interlocking, which is stress dependent. Without confining stress, there is little 
interlocking. In practice it is often found that the real tensile strength is less than what one 
gets by extending the envelope to the left, and it is interpreted there must be a "tension
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cutoff', a vertical line dropping from the envelope to the normal stress axis somewhere to 
the left of the vertical shear stress axis. The point is, granular soils are weak in tension.
The direct shear testing (see figures in App. B) showed that it takes about 2 to 4 
percent strain to develop or mobilize the full peak strength. Because of the weakness of 
granular soils in tension, even lower strain is required to fully mobilize the strength of a 
soil in tension. These considerations will be useful for interpreting the stress-strain 
conditions at different portions of a circular failure (Chapter 5).
NON-LINEAR STRESS-STRAIN RELATIONSHIPS
Most information regarding rockfill strength comes from studies on rockfill dam 
materials, but is directly relevant to the present study. In this study, we will assume that 
rockfill has many similarities to mine waste rock, and therefore discussions relating to 
rockfill are relevant to the project.
Becker (1972) tested several different rockfill materials ranging from hard basalt to 
relatively soft sandstone. He concluded that for all materials, and regardless o f specimen 
size, the angle of friction decreased with increasing confining pressure. His soft material, 
a sandstone, did not decrease in <J) significantly above a confining pressure o f about 200 
psi. He comments that this is probably due to the softness of the material and the fact that 
it tends to be crushed as much as it is going to be by confining pressures below 200 psi.
Marachi, et al (1969) found complimentary results regarding the reduction in <j> with 
increasing confining pressure. They also found that for harder rocks there is less o f a 
tendancy for the particles to crush during shear and consequently a smaller decrease in 
friction angle with increased confining pressure.
Billam (1971) tested dense sample of limestone sand over a range of confining 
pressures from 3 kPa to 10 MPa and found a decrease in friction angle from cj> = 58.4° to (j) 
= 36.9°. Charles (1991) found a decrease of <j) = 62° to <j> = 36° for a confining stress
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increase from 20 to 500 kPa in samples of soft rockfill and sandy gravel. In the same 
publication, Charles cites an equation:
(j>'= <j)'B + log f  C l''
which he uses to express the non-linear, stress-dependent relationship between friction 
angle and confining pressure. This is similar to equations used by Barton and Kjaemsli 
(1981) and Bolton (1986). This will be discussed further in Chapter 4, in relation to data 
developed in the present study.
Leps (1970) found stress-dependency in all of the triaxial tests he reviewed for rockfill 
materials. Figure 3.2 is a summary of his Figure 1 that presents rockfill shearing strength 
on several dozen tests for 17 sites (individual data points not shown). Leps noted that 
there was little data for low-normal-load tests, below about 10 psi, and that this portion of 
the diagram was a projection from other data.
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Figure 3.2.
SUMMARY OF ROCKFILL 




This chapter is organized by the type of testing, specifically, grain size distribution 
testing, direct shear testing, constrained modulus evaluation, point load testing, and 
durability testing. Each of these sections contains a description o f the test methods and 
summary of the testing results. Detailed spreadsheets and graphs from much of the testing 
are presented in the appendices. Because of its prominent place in the project, direct shear 
testing is discussed at greater length than other types of testing.
SAMPLE PREPARATION
Each full sample was processed through a Soil Test splitter having 3-inch openings 
to produce a representative smaller sample for grain size testing. Studies have shown that 
a ratio of 1:5 or higher for particle diameter to sample diameter is necessary to assure that 
the effects of particle size on the test are minimized. Because the direct shear box used for 
this project is approximately 15-inches square, 3-inch particles were considered the 
maximum that should be used for direct shear testing. The samples for grain size 
distribution testing averaged about 1 cubic foot in volume, but very coarse soils were 
about 1-1/4 cubic feet and the finer samples were about 3/4 cubic foot. These amounts 
were determined by the volume of material that could be processed in the grain size 
testing equipment. A few samples were taken shortly after a rain storm and were too wet 
to test as collected. The large gravel portions of these materials were air dried in the 
laboratory while the finer portion was oven dried (the majority of samples were dry when 
collected). Samples for the durability testing were oven-dried before starting the test.
Point load testing samples received no special preparation.
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NUMERICAL ACCURACY AND ERRORS
This brief section discusses the terminology used in discussing numerical accuracy 
and errors for the data in the appendicies. The number of digits in a number that are 
correct is the number o f  significant digits. The number o f  decimal places in a number is 
the number of digits, including zeros, located to the right of the decimal point. In 
rounding the number at any decimal location, if the two digits to the right are between 00 
and 50 (inclusive), leave the number alone and discard all digits to the right. If the two 
digits to the right are between 51 and 99, round the number up and discard all digits to the 
right. The absolute error in a number is the difference between the true value of that 
number, and our approximation of that number. The relative error in a number is the 
absolute error for the number divided by the number (Cheeney, 1983).
In addition and subtraction of numbers, the maximum absolute error is the sum of 
the absolute errors for each of the numbers. In multiplication and division, the relative 
maximum error is the sum of the individual relative errors for each number. The 
maximum absolute error is found by multiplying the result of the multiplication or division 
times the maximum absolute error.
These techniques have been applied to the data collected from laboratory testing for 
the project. Based on the estimated accuracy of the measurement, the numbers are usually 
reported in spreadsheets with an appropriate number of decimal places and significant 
digits. In cases were the spreadsheet data has not been adjusted for the correct number of 
significant digits, the accuracy in the numbers is indicated in a note. Each appendix with 
data in spreadsheets contains a discussion of the errors for that data.
GRAIN SIZE DISTRIBUTION TESTING
Grain size testing was undertaken to assist in classification of the samples. Proper 
classification of samples is considered important when making correlations between
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samples or between various sample properties (e.g. strength). However, a high degree of 
accuracy is not necessary to achieve these purposes. The data collected for this task is 
presented in Appendix A, while a summary of the results may be found below. All 
samples were tested for grain size distribution using the general approach specified in 
ASTM D 422, Particle-Size Analysis Of Soils. The tests were not strictly in accordance 
with the ASTM method because the balances used to measure both the coarse and fine 
particle fractions were not calibrated to the ASTM standard, and the standard sequence of 
screen sizes was not followed.
Samples were screened using a Soiltest Model CL370 shaker with screens from 3- 
inch down to either No. 4 or No. 8. This machine holds ten heavy screens and a pan, each 
approximately 18 inches square by 2 inches deep. The screens are constructed o f heavy 
sheet metal and steel wire meeting the requirements of ASTM E l l ,  which establishes 
standards for test sieves. Samples were shaken approximately 10 minutes in this machine 
and the material retained on each screen was transferred to a plastic tray and weighed. 
Because of the large quantity of material processed over the sieves, and consequently the 
heavy weight of some size fractions, a platform balance was used to weigh fractions down 
to No. 4 or No. 8. The accuracy of this balance was estimated to be about plus or minus 
1/4 pound. For the purposes of this testing, this was considered adequate.
The pan fraction was split to a representative smaller quantity by stirring and 
dividing and then processed on another set of sieves. These sieves were 8-inch round 
brass, also met the ASTM E l 1 standard, and were shaken in a Soiltest CL388 machine. 
Various size fractions from this step were weighted on a triple-beam balance with an 
accuracy of about plus or minus 3 grams. Because of the minor amount of fine material in 
the samples, the No. 200 sieve was not used, and sieving stopped at No. 100.
46
Grain Size Distribution Testing Results
The results of grain size distribution testing are presented on graphs in Appendix A. 
Table 2.1. presented a list of samples tested and their descriptions. In the soil gradation 
column, the Unified Soil Classification System (USCS) symbol follows the soil 
classification (e.g., GW).
As indicated in the table, most samples were classified as well graded sandy gravel 
(GW). All samples have only a few percent passing the No. 100 sieve. Because of these 
low percentages at the No. 100 sieve, the No. 200 sieve was not run. Based on 
extrapolation of the grain size distribution curves, most samples would have less than 1 
percent passing the No. 200 sieve. Figure 4.1. is a composite for all samples showing the 
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Figure 4.1
COMPOSITE GRAIN SIZE DISTRIBUTION PLOT 
SAMPLE: ALL (Maximum and Minimum Values)
N O T E : T h is  p lo t sh o w s th e  m axim u m  and m in im u m  lim its  o f  a ll th e  gra in  s iz e  p lo ts  in  
A p p en d ix  A  su p erim p osed  on  on e p lot. It is  a  general in d ica tio n  o f  th e  ra n g e  o f  m ater ia ls  
stu d ied  fo r  th is  d issertation .
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CONSTRAINED MODULUS EVALUATION 
Background and Procedures
One of the major problems facing engineers and geologists who wish to perform 
numerical analyses of soil structures is obtaining appropriate modulus values to accurately 
model the stiffness and volumetric changes of the soil materials. One of the best ways of 
obtaining such information is with triaxial compression testing. This has the drawback of 
being rather expensive and when working with very coarse materials such as mine waste 
rock, requires special equipment that is not widely available. Another way in which 
information about the compressibility and stiffness of a material may be obtained is with 
one-dimensional consolidation tests. Again, this approach runs into equipment problems 
with very coarse materials.
One goal of this research was to experiment with using the 15-inch direct shear box 
as a one-dimensional consolidometer. A unique approach, this method has not been 
reported in the literature. The method does not allow lateral strain in the sample, but 
allows only vertical (1-D) compression. The parameter that describes this compression as 
a function o f applied normal stress is the constrained modulus.
To calculate the constrained modulus of the sample, the first direct shear test setup 
(see section DIRECT SHEAR TESTING, below) for each sample involved special 
measurements as the normal stress was incrementally applied. The gaps between the top 
plate and top shear box, and between the two halves of the shear box were measured with 
calipers (see Photos 4.1 and 4.2 in section DIRECT SHEAR TESTING, subsection 
Equipment). Measurements were taken at each corner of the shear box, and an average 
value used to define sample compression as the normal load was incrementally increased. 
Approximately 7 to 9 sets of measurements were taken, up to 188 psi normal stress on the 
sample (see data in Appendix D).
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If a soil is assumed to behave as a linear elastic material, the constrained modulus, 
'M', relates the axial strain to axial stress when the other two axial strains are held to zero 
(Christian and Desai, 1977). Thus, it relates to the one-dimensional compression, and is 
given by the formula:
M = ct/b
This is the inverse of m v the coefficient of volume compressibility in one­
dimensional compression. If one knows the value of poisson's ratio for a soil, the Young's 
modulus 'E' may be calculated from the constrained modulus, and the bulk modulus, 'K', 
may be calculated from the Young's modulus and poisson's ratio with the formulas:
£ ( i - v )
( l+v)( l -2v)
and K= E
3 (1 -2  v)
Constrained Modulus Evaluation Results
Spreadsheets and graphs of the complete constrained modulus data generated in this 
study are presented in Appendix D. An example of the data in graphic form is presented 
in Figure 4.2. below, for the sample CG from Newmont Mine. Inspection o f the graphs 
for this data suggest that for most samples, the constrained modulus is not constant over 
the range of stress used in the tests. Most curves are concave upward, suggesting higher 
values o f M at higher stresses. However, if divided into upper and lower portions, the 
curves are piecewise linear. Table 4.1a. presents the constrained modulus values 
interpreted from the graphs, with separate values for the lower and the upper portions of 
the curve. Table 4.1a. also presents calculated values of Young's modulus, E, based on 
various values of poisson's ratio. Table 4. lb. presents calculated values o f the bulk 
modulus, K, based on the above parameters. Table 4.2. below presents values of M based 
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Figure 4.2.
EXAMPLE CONSTRAINED MODULUS PLOT 
(Sample CG -- Newmont Mine)
N o te : T h is  p lot is  b ased  on  tw o data sets, w ith  m a x im u m  norm al stress 188 p s i fo r  th e  first  
data set and 117 .4  p s i for  the second . T h e p lots are s lig h tly  co n ca v e  upw ard, w h ic h  in d ica tes  
th e  con stra in ed  m od u lu s in creases w ith  norm al (co n fin in g ) pressure. T h e  apparatus is  load ed  
a n d  set up separately  fo r  each  test.
Table 4.1a.
CONSTRAINED MODULUS AND YOUNG’S MODULUS
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YOUNG’S MODULUS "E" FOR 





MODULUS f D s i l v =.2 v =.25 v =.3 v =.35 v =.4 v =.45
U P L ow er 2 0 8 0 1870 1730 155 0 130 0 9 7 0 5 5 0
U P U pper 3 9 9 0 3 5 9 0 3 3 3 0 2 9 7 0 2 4 9 0 186 0 1050
C G L ow er (8k ) 1510 1360 1260 112 0 9 4 0 7 0 0 4 0 0
C G L ow er (6k ) 1770 1590 1470 1 3 1 0 1102 8 3 0 4 7 0
C G U pper 2 4 0 0 2 1 6 0 2 0 0 0 1780 1500 112 0 6 3 0
N D A ll (6k ) 3 5 1 0 3 1 6 0 2 9 3 0 2 6 1 0 2 1 9 0 164 0 930
N D L ow er (8k ) 2 5 1 0 2 2 6 0 2 0 9 0 1 8 6 0 1560 117 0 6 6 0
N D U p p er (8k) 3 7 5 0 3 3 7 0 3 1 2 0 2 7 8 0 2 3 3 0 1 7 5 0 9 9 0
M C A ll (5k) 1370 1240 1150 10 2 0 8 6 0 6 4 0 3 6 0
M C A ll (8k) 2 3 6 0 2 1 2 0 19 6 0 17 5 0 146 0 1 1 0 0 6 2 0
B M A ll (5k ) 2 2 6 0 2 0 3 0 1880 1680 1410 1 0 5 0 5 9 0
B M A ll (8k ) 2 0 5 0 1840 1710 15 2 0 1280 9 6 0 5 4 0
U P A L ow er 2 3 5 0 2 1 1 0 1950 1740 14 6 0 1 0 9 0 6 2 0
U P A U pper 4 5 1 0 4 0 6 0 3 7 6 0 3 3 5 0 2 8 1 0 2 1 1 0 1190
N D M L ow er 1630 1470 136 0 12 1 0 1020 7 6 0 4 3 0
N D M U pper 5 3 1 0 4 7 8 0 4 4 2 0 3 9 4 0 3 3 1 0 2 4 8 0 1400
G Low'er 2 4 7 0 2 2 2 0 2 0 6 0 18 3 0 1540 1 1 5 0 6 5 0
G U pper 4 0 2 0 3 6 2 0 3 3 5 0 2 9 8 0 2 5 0 0 188 0 1060
M S L ow er 4 0 7 0 3 6 7 0 3 4 0 0 3 3 0 3 0 2 5 4 0 1 9 0 0 1070
M S U pper 5 6 5 0 5 0 9 0 4 7 1 0 4 2 0 0 3 5 2 0 2 6 4 0 1490
M S O L ow er 2 7 9 0 2 5 1 0 2 3 3 0 2 0 8 0 17 4 0 13 0 0 7 4 0
M S O U pper 3 6 7 0 3 3 0 0 3 0 6 0 2 7 2 0 2 2 8 0 1 7 1 0 970
R M 1 O verall 2 1 3 0 1920 177 0 158 0 1330 9 9 0 5 6 0
R M 2 L ow er 1080 9 8 0 9 0 0 8 0 0 6 7 0 5 1 0 2 9 0
R M 2 U pper 1370 1240 114 0 1 0 2 0 8 5 0 6 4 0 3 6 0
R M 3 L ow er 1620 1460 1350 121 0 1010 7 6 0 4 3 0
R M 3 U pper 3 4 7 0 3 1 2 0 2 8 9 0 2 5 8 0 2 1 6 0 1 6 2 0 910
CF L ow er 1920 1730 1600 143 0 12001 9 0 0 5 1 0
C F U pper 3 2 2 0 2 8 9 0 2 6 8 0 2 3 9 0 2 0 0 0 1 5 0 0 8 5 0
P H L ow er 2 3 7 0 2 1 3 0 1980 176 0 1480 1 1 0 0 6 2 0
P H U pper 3 6 4 0 3 2 7 0 3 0 3 0 2 7 0 0 2 2 7 0 1 7 0 0 960
Note: All modulus values in psi; based on analysis in Appendix D, values in table
are accurate to ± 1 0  psi.
Table 4.1b.
CONSTRAINED MODULUS AND BULK MODULUS
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BULK MODULUS "K " FO R  VARIOUS 
VALUES OF POISSON'S RATIO
GRAPH CONSTRAINED
SAMPLE SEGMENT MODULUS (nsi) v = .2 v  = .25 v  = .3 v = .35 v = .4 v = .45
U P L ow er 2 0 8 0 1040 1160 1290 1 4 4 0 162 0 1830
U P U pper 3 9 9 0 2 0 0 0 2 2 2 0 2 4 7 0 2 7 7 0 3 1 1 0 3 5 1 0
C G ' L o w er (8k ) 1510 760 8 4 0 9 3 0 105 0 1 1 7 0 1 3 3 0
C G L o w er (6k ) 177 0 880 9 8 0 10 9 0 1220 1 3 8 0 1550
C G U p p er (both) 2 4 0 0 1200 1330 1490 16 6 0 1 8 7 0 2 1 1 0
N D A ll (6k ) 3 5 1 0 1760 1950 2 1 7 0 2 4 3 0 2 7 3 0 3 0 9 0
N D L o w er (8k) 2 5 1 0 1250 1390 15 5 0 1740 1 9 5 0 2 2 1 0
N D U pper (8k) 3 7 4 0 1870 2 0 8 0 2 3 2 0 2 5 9 0 2 9 1 0 3 2 9 0
M C A ll (5k) 1370 6 9 0 7 6 0 8 5 0 9 5 0 107 0 1210
M C A ll (8k ) 2 3 6 0 1170 1310 1460 16 3 0 183 0 2 0 7 0
B M A ll (5k ) 2 2 6 0 1130 1250 1400 15 6 0 1 7 5 0 1980
B M A ll (8k ) 2 0 5 0 1020 1140 127 0 14 2 0 1 5 9 0 1800
U P A L ow er 2 3 5 0 1170 1300 145 0 16 2 0 1 8 2 0 2 0 6 0
U P A U pper 4 5 1 0 2 2 6 0 2 5 1 0 2 7 9 0 3 1 2 0 3 5 1 0 3 9 7 0
N D M L ow er 1630 810 9 1 0 1010 11 3 0 127 0 1430
N D M U pper 5 3 1 0 2 6 5 0 2 9 5 0 3 2 9 0 3 6 8 0 4 1 3 0 4 6 7 0
G L ow er 2 4 7 0 1230 137 0 153 0 1 7 1 0 192 0 2 1 7 0
G U p p er 4 0 2 0 201 0 2 2 3 0 2 4 9 0 2 7 8 0 3 1 3 0 3 5 3 0
M S L ow er 4 0 7 0 2 0 4 0 2 2 6 0 2 5 2 0 2 8 2 0 3 1 7 0 3 5 8 0
M S U pper 5 6 5 0 2 8 3 0 3 1 4 0 3 5 0 0 3 9 1 0 4 4 0 0 4 9 7 0
M S O L o w er 2 7 9 0 1400 1550 1730 193 0 2 1 7 0 2 4 5 0
M S O U pper 3 6 7 0 1830 2 0 4 0 2 2 7 0 2 5 4 0 2 8 5 0 3 2 2 0
R M 1 O verall 2 1 3 0 1060 1180 1 3 2 0 1 4 7 0 1 6 6 0 1870
R M 2 L o w er 1080 540 6 0 0 6 7 0 7 5 0 843 950
R M 2 U pper 1370 690 7 6 0 8 5 0 9 5 0 1 0 7 0 1210
R M 3 L ow er 1620 810 902 1000 112 0 12 6 0 1430
R M 3 U pper 3 4 7 0 1730 1930 2 1 5 0 2 4 0 0 2 7 0 0 3 0 5 0
CF L ow er 1920 960 1070 11 9 0 133 0 1 4 9 0 1690
CF U p p er 3 2 2 0 1610 17 9 0 19 9 0 2 2 3 0 2 5 0 0 2 8 3 0
PH L ow er 2 3 7 0 1180 13 2 0 14 7 0 1 6 4 0 1 8 4 0 2 0 8 0
PH U p p er 3 6 4 0 1820 2 0 2 0 2 2 5 0 2 5 2 0 2 8 3 0 3 2 0 0
Note: All modulus values in psi; based on analysis in Appendix D, values in table 



























Note: All modulus values in psi; based on analysis in Appendix D, values in table 
are accurate to ± 1 0  psi.
DIRECT SHEAR TESTING
Fourteen samples o f mine waste rock were extensively tested in the direct shear 
apparatus in the Geological Engineering Laboratory at the University of Nevada - Reno. 
Samples were initially tested in static compression to measure the constrained modulus, 
followed by direct shear testing. The following sections describe the testing equipment, 
procedures, stress conditions during testing, make comparisons between direct shear and 
triaxial testing, and discuss the advantages and disadvantages o f direct shear testing.
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As alluded to in the section on evaluation of the constrained modulus, testing of 
coarse gravely materials for their engineering properties is sometimes expensive and 
requires special equipment that is not widely available. The direct shear equipment for 
coarse materials in use at UNR represents the best available alternative to large diameter 
triaxial testing.
Equipment
The direct shear apparatus was manufactured to specifications of the Department of 
Geological Sciences, UNR, by Rocktest, Inc. Photo 4.1 shows the apparatus. It is 
constructed of heavy (1/2- to 1-inch) aluminum stock and weighs approximately 300 
pounds (see Photo 4.1). The shear box is approximately 15" x 15" x 15", and is split in 
two halves. The dimensions vary top to bottom in each half-box, with a slight taper so 
that soil will more easily come out of a box during unloading. The hydraulic system 
consists of rams and manual pumps built by Enerpac, Inc. Photo 4.2 shows the Enerpac 
pump, pressure gauge, and pressure equalization chamber. This system is capable of 
maximum 1 0 , 0 0 0  psi pressures, which translates to maximum sample stresses of 
approximately 230 psi normal and 100 psi shear. Because of safety considerations, 
working pressures in the lab were held to 80% of maximum for most tests.
Displacement of the shear box and sample during testing was measured with dial 
gauges accurate to approximately 0,001 inches. Hydraulic pressure gauges (maximum 
10,000 psi) were rated at plus or minus 1% accuracy by the manufacturer. The 
measurements for the constrained modulus were taken with a stainless steel caliper 
accurate to approximately the nearest 0.025 inch.
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Testing Procedures
1. Sample material was weighed in 5-gallon buckets, then thoroughly mixed on the 
laboratory floor and shoveled into the shear box (see Table 4.3).
2. Approximately 4 to 6  inch lifts of material were compacted in the shear box by 
tamping lightly with an 8 pound sledge hammer. This step was necessary to assure that 
the sample and shear box configuration would be correct following application of the 
normal load. To the extent possible, compactive effort was applied consistently to all 
points and all samples. It is recognized this subjective approach to sample compaction 
results in little control over sample density, but the materials and testing apparatus do not 
lend themselves to more sophisticated techniques. Consistency in technique from one 
testing point to another was considered the most important factor.
As a necessary condition of testing, a gap of approximately 3/4 inch was set 
between the top and bottom shear boxes by shimming with wooden blocks during the 
sample filling and compaction stage. By mounding up the top of the sample, a gap of 
approximately 1 inch was set between the top shear box and the top plate to which the 
normal load was applied.
3. Each sample was tested three times, at different normal loads. Typically, normal 
stresses on the sample were 47, 117, and 188 psi. These correspond to 2000, 5000, and 
8000 psig on the hydraulic system. Between each of these tests the top and middle 
portions of the sample were taken out of the shear box and mixed, the bottom portion of 
the sample was loosened and then mixed in place, and the box was refilled in compacted 
lifts.
4. Measurements o f shear stress and shear strain were taken in three tests for each 
sample. The tests were performed at a constant normal stress, by frequently adjusting the 
gauge pressure (normal load) as the sample shearing progressed. This approach is 
somewhat like a consolidated drained triaxial test. It is not a constant volume test, as
PHOTO 4.1.
ROCKTEST DIRECT SHEAR BOX
PHOTO 4.2.
SHEAR BOX HYDRAULIC SYSTEM
L/\Q\
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nearly all samples were contractive during testing and finished with a smaller volume than 
that with which they started.
5. Some sample were tested by making several reversals of the shear direction.
This was done to evaluate the development of a mature shear zone in the sample and 
possibly develop a zone of residual strength. The samples involved in this are identified on 
the individual stress-strain figures in Appendix B.
Table 4.3.








Big Springs MS 132
MSO 114
Candelaria CF - Top 102










Stress Relationships During Testing
In the common type of direct shear apparatus a relatively thin sample is held 
between two rigid frames that provide lateral containment, while normal stress is applied 
through a rough or dentated porous stone (Saada and Townsend, 1981). Shearing stress 
is applied laterally to the sample by the rigid frames and tangentially through the porous 
stone. The tangential force is generally the larger of the two. In the Rocktest shear box 
used for this project, shearing stress is produced by the lateral confinement of the sample 
to a greater extent. The top plate on the sample is smooth, and the sample half-thickness 
is about 7-1/2 inches, making the effects of tangential stress much reduced at the shear 
zone.
Figure 4.3. illustrates the principal stress conditions during the (static) consolidation 
phase of the direct shear test (Saada and Townsend, 1981). The major principal stress is 
applied to the top and bottom of the sample and is assumed to be uniform. This 
assumption ignores friction reactions along the sides of the box, and possible point loading 
o f the sample by the rigid top of the box in contact with large particles. The intermediate 
and minor principal stresses are assumed to act on the sides o f the box and to be uniform 
and equal. However, their magnitude is unknown. By assuming a K0 value, they may be 
estimated to be one-third to one-half of the principal stress (typical K0 would be about
0.4).
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Because the shear plane (zone) cannot contain a principal stress direction, the 
principal stress axes rotate when stress is applied (see Figure 4.3.). The intermediate 
stress axis is assumed to remain uniform and to act on the sides o f the box parallel to the 
direction of shear. This would only be strictly true if the sides of the box were frictionless 
(perfectly smooth). Since this condition does not exist, the orientation o f the intermediate 
stresses during shear is an assumption.
Deformation During Testing
During the consolidation phase, deformation in the direction of the normal load is not 
strictly vertical because the top portion of the shear box and the top load plate are free to 
rotate and the normal load is applied slightly off center on the sample. This causes a 
slightly higher load to be applied to the front of the sample compared to the rear and 
consequently a greater consolidation in the front. During shearing, the distribution of 
strain within the sample is highly nonuniform. At the front and rear o f the sample the 
edges of the box physically cut the sample, causing initiation o f failure that propagates 
toward the center of the sample shear zone or plane. Thus the full shearing resistance of 
the sample is not mobilized at the same time. In addition, because the orientation o f the 
failure is constrained by the geometry of the testing apparatus, unknown strain conditions 
may be present (Saada and Townsend, 1981). Another factor may be influencing the 
strain orientation in the Rocktest shear box. It was observed that the direction o f shearing 
force applied to the top of the box is not strictly horizontal. In samples that have 
significantly compressed prior to shearing, the ram applying the shear force has a tendancy 
to slightly lift the front (leading) edge of the shear box. This causes the shear zone or 
plane to rotate from the horizontal during the test and effectively broadens the shear zone 
compared to a situation in which the lateral forces were completely horizontal. This
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Based on observations during use of the Rocktest direct shear box, it is noted that if 
the sample is slightly thicker at the rear after initial consolidation, a wedging effect occurs 
as the top portion of the sample is pulled through the framework in which the normal load 
is applied. Because ram, roller assembly, and top plate can tilt within the rigid top 
framework, the normal load is not vertical and contains a lateral component. This 
wedging effect results in a component of force opposed to the shearing force and 
therefore may cause higher than appropriate shear stress values to be recorded.
Comparison of Direct Shear Testing and Triaxial Testing
Stress conditions for the direct shear test are very different compared with the 
triaxial test (Saada and Townsend, 1980).
o In the direct shear test the principal stress is held constant and the minor stress is 
increased to cause failure, whereas in the triaxial test, intermediate and minor stresses are 
equal and the constant, while the major stress is increased to cause failure, 
o In the direct shear test failure is constrained along a relatively narrow zone, and the 
principal stresses rotate during the test. With a triaxial test, failure occurs at 45 plus phi/2 
degrees with respect to the principal stress axis and the apparatus controls both the major 
and minor (confining) stresses.
o In the direct shear test, the sample boundaries interact with the shear box, creating 
zones o f high shear stress and local failure that translocates to general failure. Although 
triaxial test samples are affected by end and membrane effects, these are less o f a factor 
compared to the boundary effects in a direct shear test.
condition is considered m inor and is unlikely to  significantly effect the overall results o f
the test.
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o In the direct shear test the cross section of the sample undergoing shear varies 
throughout the test, whereas it is constant in the triaxial test.
o Typical phi values obtained with the direct shear test are 1 to 2 degrees larger than 
values obtained with the triaxial test (Bowles, 1970).
Advantages and Disadvantages of Direct Shear Testing
Advantages of the direct shear test include the following:
1. The test is relatively inexpensive and quick to perform.
2. It requires less sophisticated equipment than other methods and it is easier to 
reduce the data and interpret results.
3. It has been found that soil parameters phi and c obtained by direct shear testing 
are about as reliable as triaxial values (Bowles, 1970)
4. It is good for measuring residual strength values
Disadvantages or limitations of the direct shear test include the following (Holtz and 
Kovacs, 1981):
1. Pore water pressures for fine grained soils are neither controlled nor monitored.
2 . Shearing stress is not uniformly distributed across the sample. Initial failure 
occurs at the corners and ends of the box and propagates toward the center.
3. The test forces failure to occur along a fixed zone or plane.
4. There is an uncontrolled rotation of principal planes and stresses that occurs 
between the start of the test and failure.
5. The actual failure surface is not a plane, but generally encompasses a zone up 
to an inch or two wide. With coarse soils, this aspect is prominent because of 
particle rotation, shearing, and crushing (the larger the particles, the wider the 
zone).
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Direct Shear Testing Results
Appendix B contains the stress-strain data collected during the tests, presented in 
spreadsheets and graphs. An example stress-strain plot is presented in Figure 4.4. below, 
along with interpreted line segments (see following discussion). Note that in the stress- 
strain curves, no distinct peak and residual sections of the curve are identifiable. Also, the 
curves trend upward at the highest strains attainable with the test apparatus, rather than 
leveling out as found with conventional direct shear tests on fine-grained materials. These 
features are considered a function of the 15-inch Rocktest apparatus and the physical 
conditions of the test. That is to say, they are due to the particular orientation with which 
stresses are applied to a sample, the ways in which samples compress and dilate in the 
apparatus, and possible changes in normal stress values applied to the sample over the 
course o f the test. The leading and trailing edges of the sample boxes may effect the test 
as they move and engage or disengage sample particles. These features have been 
discussed in a previous section.
Interpretation of the stress-strain curves to identify the peak strength is based on the 
observation that most curves consist of three somewhat linear segments. These may 
arbitrarily be denoted as an initial steep segment, an intermediate or transitional segment, 
and a final segment (see Figure 4.4.). For purposes of interpretation, it is useful to 
interpret these segments in terms of possible physical processes involved in shearing , and 
relate each segment to a portion of a "classical" curve for a non-brittle soil (see Figure 3.1, 
Chapter 3).
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SH EA R  STR A IN
Figure 4.4.
EXAMPLE STRESS STRAIN CURVE 
AND INTERPRETED LINE SEGMENTS
Initial Segment
The initial segment of the curve is located in the range o f strain from zero up to 
about one or two percent. This is interpreted to represent mobilization o f the soil shear 
strength through engagement of interlocking particles, engagement of frictional resistance, 
and minor particle rotation. During testing, the samples were observed to be moderately 
to highly contractive in this segment. This is typically the most highly non-linear portion 
o f the curve, with the initial modulus Ej being high and subsequent values o f the tangent
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modulus E)- rapidly decreasing. It is interpreted that this segment of the curve corresponds 
to the steep initial portion of a "classical" curve, located prior to the peak.
Intermediate Segment
Ranging from about one or two percent up to about four to six percent strain, the 
intermediate portion of the curve is interpreted to represent the full involvement o f all 
particle interaction modes. These probably include interparticle friction, particle rotation, 
and especially breakage, crushing, and shearing of interlocked particles. This segment is 
interpreted to correspond to a broad, fairly flat zone of the classic curve near the peak 
stress, including the approach to the peak, the actual peak, and immediate post-peak 
section. If  any sample dilation occurs, it is usually in this segment.
Final Segment
On almost all curves for the data in this study, there is a definite linear segment for 
the final few percent strain in the test. During testing, it was observed that sample dilation 
or contraction are generally absent from this segment (interpreted from changes in the 
normal stress pressure system), and most of the sounds associated with particle crushing, 
and breaking have ceased. In terms of the test, it is generally a very smooth, even section, 
with steadily increasing lateral stress. Particle interactions are interpreted to be 
predominately sliding friction, with most of the larger interlocking particles having been 
sheared or broken, and particles able to rotate out of the way having done so. This 
segment represents movement in a well-developed shear zone in the sample.
Undoubtedly, particle breakage, crushing, and rotation still occur during this segment, but 
on a different size scale, and representing a much smaller portion o f the strength during 
this portion of the test. It is interpreted that this segment corresponds to the post-peak 
portion o f a classic curve.
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Interpretation Of The Peak Strength
Based on the above discussion of particle interactions it seems logical the peak 
strength of the mine waste samples should be located in the intermediate segment o f the 
stress-strain curve (see Figure 4.4). The initial segment represents the mobilization of 
strength, engagement of interlocking particles, movement necessary to develop full 
frictional resistance, etc., but clearly not the attainment of the highest strength value. The 
final segment appears to represent a fully developed shear zone and mainly frictional 
particle interaction, although, as shown by multiple shearing cycles for samples tested, this 
is not a residual condition. While actually running the test, there appears to much less 
particle interaction and a much smoother displacement. Using the analogy that the 
intermediate segment is like the highest zone of a classic curve (see Figure 3.1), either 
broadly convex upward or more distinctly peaked, the peak strengths on the curves for 
this study have been interpreted to be near the center or in the upper half o f the 
intermediate segment, as shown on Figure 4.4. Since three stress-strain curves were used 
to evaluate the strength over a range of normal stresses and for plotting Mohr diagrams 
for each sample, it is necessary to reconcile the interpreted peak for each of the three so 
that a reasonable fit results when they are plotted together on the Mohr-Coulomb diagram. 
This process inevitably involves judgment and minor adjustments in the interpreted peak 
shear stress values of some tests, while remaining as consistent as practicable and true to 
the above methodology.
Appendix C contains Mohr-Coulomb diagrams useful for evaluating the strength of 
the materials and plots of friction angle versus confining pressure, which are useful for 
evaluating the stress-dependent nature of soil strength. Figure 4.5 is presented below as an 
example of the graphs in Appendix C. The upper figure is a Mohr-Coulomb diagram with 



















1 1 1 1 | 1 ■■■ | I I I I | I I I I | I I I I | I I I I |
o 50 100 150 200 250 300
NORMAL STRESS (psi)
Figure 4.5.
SAMPLE BM ~  EXAMPLE 
STRENGTH DIAGRAM
6 8
The Mohr-Coulomb plots from these tests may be interpreted in two way: 1) with a
linear envelope and zero cohesion. Both approaches are shown on the figures in Appendix
In the lower portion of these figures, graphs show confining stress versus friction 
angle. This approach is used by Duncan and others (1980) and is especially useful to 
evaluate friction coefficients needed for input to the finite element program FEADAM84 
(Chapter 7). The plots of friction angle versus confining pressure show that most of the 
soils tested may be interpreted to follow the relationship:
In this equation (ji0  is the value of (J) for <33 equal to Pa (atmospheric pressure, 14.7 
psi, not Pascals), and A({> is the reduction in (|) for a 10-fold increase in <33 (Duncan, et al, 
1980). The confining pressure is normalized by dividing by atmospheric pressure to 
eliminate the units in the equation. This means the horizontal axis is dimensionless. Using 
the Mohr-Coulomb plots and plots of confining pressure versus friction angle in Appendix 
C, the following table has been created to summarize the strength parameters for the soils 
tested. The table presents values for cohesion intercept and linear friction angle and the (J) 
o and A(|> values for non-linear envelopes.











Bald Mtn BM 8.5 3600 39 24
Bamck G 23 1725 38 13.5
UP 16 2600 40.5 2 2
UPA 18 2900 38 17
Big Springs MS
17 4300 47 24
MSO
2 0 5000 50 23.5
Candelaria CF - Top
1 0 5000 47 29
PH
28 1900 43 12.5
Newmont CG
11 3450 38 21.5
MC
5 2900 35 26
ND
18 4300 51 28
NDM
2 1 1450 35 1 2
Round Mtn RM1
2 2 1600 40 16.5
RM2
8.5 2900 41.5 28.5
Rin3
13 2900 40 22.5
Figure 4.6. presents a summary of normal stress versus friction angle for all samples 
tested (based on the graphs in the lower part of the figures in Appendix C). It shows a 
general trend of a 15 degree drop in phi with a change in normal stress from 15 psi to 100 
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Effects Of Shearing And Development Of Residual Strength
In a soil that has undergone shearing in the direct shear box, slip planes develop 
along which displacement is concentrated. Theoretically, these develop by re-orientation 
(rotation) o f particles (especially platy-shaped particles) to parallel the shear surface and 
by crushing, shearing through, or breaking of particles. In the direct shear test, this zone 
is obvious.when disassembling the apparatus. The predominant feature of this zone is 
observed to be crushed and broken particles with a significant reduction in grain size 
compared to the pre-shearing size distribution. Particle rotation/reorientation is not 
generally possible to determine.
A number of samples (BM, CG, MC, ND, NDM, and UP) were subjected to 
reshearing with the same normal load. The samples were resheared from one to three 
times by switching from one lateral hydraulic cylinder to another, while maintaining a 
constant normal load. The shear stress versus shear strain data are presented on the curves 
in Appendix B. Some general observations may be applied to the majority o f these 
samples regarding the reshearing. First, the sample strength is clearly reduced with each 
subsequent reshearing, but the amount of reduction decreases with each reshearing. This 
suggests the sample is still physically changing after being sheared up to four times, with a 
total shear strain of about 25 percent. With the observed rate o f change decreasing, it 
appears that after 50 to 100 percent strain there would be little change in the strength with 
additional shearing, perhaps corresponding to a condition where the sample was 
completely crushed and broken in the shear zone. This would correspond to the true 
residual strength of the material. However, this was not directly determined by testing 
during the present study.
O f course, reversing the shear direction with each reshear does not provide the same 
condition as would one continuous shear in the same direction. One may speculate that
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particles are force to rock back and forth, reorientate, and interact more with changes in 
direction. This may explain some of the reduction in strength as more particles are 
crushed with each reshear. If this type of particle interaction is occurring, the shear zone is 
likely to be wider than for one continuous direction of shear. From a practical standpoint, 
it appears from the testing in this study that a shear strain of at least 25 percent or a 
displacement of about 4 inches is necessary to develop a shear plane in the sample that 
may be considered residual. While it is clear a residual strength value has not been 
obtained for any of the direct shear tests in this study, evaluation o f the available data 
suggest that (for the 188 psi normal load samples) the shear stress required to reach a 
constant stress/strain value during reshear is about 15 percent of the value for the initial 
shear. Sample BM was also resheared at a normal stress of 117..4 psi and showed a 
reduction o f about 25 to 30 percent for one reshear. There would be a corresponding 
decrease in the angle of friction if such values are plotted as one-point tests.
A second observation regarding the effects of reshearing is that the tangent shear 
modulus o f the soil is reduced by each reshearing. Looking at the shear stress versus 
shear strain curves, in those portions of the curves where a constant tangent shear 
modulus develops in the middle to upper end of the curve, the value of the tangent is 
slightly reduced with each subsequent reshear. This may be attributed to the break down 
of the sample during shearing and a reduced stiffness of finer materials.
Sample Dilation
In conjunction with the direct shear testing, one sample (CF) was tested with 
measurements of the sample dilation at 5 mm increments o f displacement, with 
measurements taken as for the constrained modulus evaluation. The results o f this testing 
are presented along with the other data for direct shear of that sample. The sample was 
set up in two special ways: 1) platy particles in the shear zone were laid flat (parallel to 
the shear plane); 2 ) platy particles in the shear zone were stood up (perpendicular to the
73
shear plane). The results for both tests indicate mild sample compression throughout the 
shearing process. This finding confirms the qualitative observation that during most tests 
the samples were compressing.
POINT LOAD TESTING
Point load testing was performed to evaluate the unconfined compressive strength of 
the intact mine waste samples. This information adds to the sample descriptions given 
previously and is needed for application of the Hoek-Brown failure criteria to the samples. 
A definitive description of the point load test is presented by Broch and Franklin (1972). 
This test provides an index of rock strength that is relatively quick and easy to obtain on 
either rock core samples or irregular lumps. Individual rock particle strength may be 
related to overall soil strength, durability and compressibility. In this test, pieces of rock 
about 2 -inches in diameter are compressed between conical platens until failure.
Dimensions of each piece and the load required to produce failure are recorded, preferably 
for a total of 15 to 25 pieces for each sample. Using empirical corrections for size and 
strength, a point load strength index and the unconfined compressive strength o f the rock 
may be calculated. Appendix E presents a tabulation of the testing data and reduced data 
for the waste pile samples in this study. The mean unconfined strength for each sample 
has been taken from tables in Appendix E and is presented in Table 4.5. below. Please 
note, the unconfined strength has been calculated using the relationship 
qu = 24IS(50) which is a frequently cited correlation. However, Goodman (1980) has 
questioned the validity of this correlation for weak rocks (several of which are included in 




POINT LOAD TESTING SUMMARY
MINE SAMPLE MEAN UNCONFINED 
STRENGTH (psi)
Bald Mtn BM 11,000
B article G 5,000
UP 10,000
UPA 13,000
Big Springs MS 16,500
MSO 12,000










The slake-durability test is used to measure the resistance o f a rock to weakening 
and disintegration resulting from weathering (Franklin and Chandra, 1972). This testing 
was performed to add to the basic description of the samples and their engineering 
characteristics. Slaking is the swelling or disintegration of a rock caused by interaction of 
clay minerals with water. Durability is the resistance to weathering processes over time. 
There are several different types of durability, depending on the type o f weathering or 
resistance being considered. These include frost-durability, abrasion-durability, chemical
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breakdown-durability, and slake-durability; they require different tests for their 
evaluation. The slake-durability test specifically evaluates the effects o f climatic wetting 
and drying. This test provides an index useful for comparing the short-term engineering 
behavior of one rock against another with respect to this property. It does not adequately 
predict the long-term weathering characteristics of a rock or the effects o f frost or salt 
crystallization, mechanical abrasion, leaching, or solution and chemical alteration.
In the context of the present study, slake-durability tests were performed on six 
sample to develop an idea of the range of values for this parameter in the rocks studied 









BM 99.4 98.9 Siltstone
UP 95.0 88.3 Welded Tuff
MSO 99.0 98.1 Siltstone
CF 99.2 98.6 Siltstone
CG 6 . 8 6 . 1
Nonwelded Tuff
RM1 96.4 93.1 Welded Tuff
Note: Durability is given in percent.
The test takes 500 to 1000 grams of gravel-sized rock particles through a sequence 
of initial drying, tumbling in a water bath, drying, tumbling in a water bath, and a final 
drying. During tumbling of the rock in the water bath, fragments o f the rock smaller than 
coarse sand will fall through the tumbler screen and are not considered durable material. 
The weight of the rock particles is taken at each step in the test. The durability, 
sometimes called the slake-durability index (Ij), is reported as the percent remaining
weight of the sample (after drying) following the first and second water baths. Franklin 
and Chandra (1972) present a table proposing classifications for various percent slake- 











Using this classification scheme, the non-welded tuff tested have very low slake- 
durability, the welded tuffs tested have high to very high slake-durability, and the siltstones 
are extremely high. The latter rocks tend to be argillized and are relatively hard. One 
implication of these results is that non-welded tuffs and similar low durability materials 
may be subject to fairly rapid breakdown in waste piles, possibly leading to much higher 
settlement and the potential for higher erodability compared to other common waste pile 
materials. Based on the above results, argillized siltstone, welded tuffs, and other high- 
durability rock appear not to be subject to excessive breakdown in terms o f slake- 
durability.
HOEK-BROWN FAILURE CRITERION
Hoek and Brown (1980) have developed an empirical failure criterion for rock
masses that may be applicable to waste rock and help us to understand these materials. 
They present an empirically derived equation cn = cn + cjco3 + s o f ) that relates the
principal stresses at failure, uniaxial compressive strength o f the intact rock, and two
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constants that depend on the extent of fracturing in the rock mass. Specifically, the
parameters used are:
a i  is the major principal stress at failure 
<73 is the minor principal stress at failure
° c  is the uniaxial compressive strength of the intact rock 
m is a constant that reflects the curvature of the Mohr failure envelope
s is a constant that reflects the tensile component of the rock matrix strength 
This relationship was developed for use with fractured rock masses. Its application 
to mine waste materials depends on the assumption that these materials may be treated as 
a highly fractured rock mass. As such, mine waste is at the low end o f the range of 
materials to which this relationship is applicable, with intact rock at the high end of the 
range. Based on laboratory testing data, the Hoek-Brown failure criterion may be used to 
describe the principal stress conditions at failure. Once this relationship is established, it 
may serve to evaluate failure under as yet untested stress conditions.
The three parameters needed to establish the relationship are "m", "s", and ctc. The 
unconfined compressive strength of intact rock pieces, crc is derived from point load, 
triaxial, or unconfined compression testing. The value of "s" may be calculated, however, 
for highly fractured rock masses it is usually small and negative. In this case, Hoek and 
Brown instruct that it must be taken as equal to zero. The value o f "m" may be calculated
from existing data using the relation m = 2 >
ctcZ x
-, where the parameters
x/ = <73 and y / = (ctj - <7 3 ) apply to each of the three test points.
Tables 4.8a and 4.8b present an empirical derivation o f the parameter "m" for each 
the sample in this study. The principal stresses are taken from Figures C l through C15 
(read values from Mohr circles plotted on the figures), and the unconfined strengths are 
from Table 4.5.
Table 4.8a.
CALCULATION OF HOEK-BROWN ’m’ PARAMETER
SAMPLE BM G UP UPA MS MSO CF PH
(psi) 82 95 85 91 106 1 2 1 94 109
CT1 (Psi) 168 208 180 192 207 2 2 2 180 241
(Psi) 244 320 274 284 300 318 257 371
CT3 (p si) 2 1 25 24 27 1 2 17 14 2 2
g 3 (p si) 75 76 79 70 6 8 57 6 8 61
? 3 (p s i) 140 129 135 128 125 1 1 1 132 119
236 230 238 225 205 185 214 2 0 2
Y1 3721 4900 3721 4096 8836 10816 6400 7569
Y2 8649 17424 1 0 2 0 1 14884 19321 27225 12544 32400
Y3 10816 36481 19321 24336 30625 42849 15625 63504
ZYi 23186 58805 33243 43316 58782 80890 34569 103473
Sc (psi) 1 1 1 0 0 4900 9600 13300 16500 11900 13000 12500
m 0.0089 0.0522 0.0145 0.0145 0.0174 0.0367 0.0124 0.0410
Table 4.8b.
CALCULATION OF HOEK-BROWN ’m’ PARAMETER
SAMPLE C G MC ND NDM RM1 RM2 RM3
(Ps i) 84 72 105 8 6 89 79 85
a] (psi) 170 148 204 195 2 0 2 159 171
(Psi) 246 224 298 301 306 138 258
g 3(psi) 25 23 14 29 25 1 2 23
g 3(psi) 73 90 65 78 76 84 75
CT3 (p si) 139 157 1 2 1 131 129 148 148
237 270 2 0 0 238 230 244 246
Y 1 3481 2401 8281 3249 4096 4489 3844
Y 2 9409 3364 19321 13689 15876 5625 9216
Y 3 11449 4489 31329 28900 31329 1 0 0 1 2 1 0 0
L Y i 24339 10254 58931 45838 51301 10214 25160
Sc (Ps i) 2700 16400 1 1 2 0 0 2 2 1 0 0 16200 1400 2 0 0 0
m 0.0380 0.0023 0.0263 0.0087 0.0138 0.0299 0.0511
8 0
Once the value of "m" is known for a material, the Hoek-Brown relationship for that 
material may be plotted, as in Figure 4.7 for the samples used in this study. Additional 
plots of the relationship are presented in Appendix E, Figures E. 1 through E.3 and in 
those plots the individual samples are identified. Figure E.4 takes a somewhat circular 
path back to a comparison of the Hoek-Brown plots with the actual principal stresses 
derived from the direct shear testing. On this figure it may be seen that the Hoek-Brown 
relationship slightly underestimates the major principal stress at low confining stresses and 
overestimates it at high confining stresses (above 80 to 100 psi) compared with the 
stresses used to develop the relationship in the first place. Note in all these figures the 
minor principal stress is considered always compressive. Because o f the highly fractured 
nature of the mine waste (viewed as a rock mass), the value of "s" is zero and the relation 
used to calculate the uniaxial tensile strength -  = —(/» -  V »r + 4s) gives a value o f zero
< jc  2
for the tensile strength.
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Figure 4.7.





This chapter begins with a discussion of the factor of safety in limit equilibrium 
analysis and the development of failure in slopes. A summary of various slope stability 
analysis methods is presented and a review is made of the program XSTABL which was 
used for a several analyses on this project. Computer analyses using the Simplified 
Bishop's Method were done for this project to show the sensitivity of factor o f safety in 
mine waste piles to changes in various parameters such as soil strength and cohesion, 
slope height, slope angle, etc. Evaluations were also made of the differences in factor of 
safety and failure surface shape when using linear vs. non-linear strength values o f mine 
waste materials. Finally, a comparison of circular vs. double wedge analyses was done to 
evaluate differences in the factor of safety obtain with these two approaches.
GENERAL DISCUSSION
Stability analysis is necessary for waste piles to evaluate their safety with respect to 
mass stability. From the standpoint of maintaining efficient mining operations and safety 
of workers or the public, catastrophic failures must be avoided and progressive damage 
minimized. Static stability depends mainly on the material properties of the waste rock 
and the foundation, pore pressure conditions in these two zones (often not a consideration 
in arid climates), and the waste pile geometry. Dynamic stability may have to consider the 
effects of earthquake loads, transient vehicle loads, or blasting vibrations. Stability may be 
looked at either in a short-term or long-term sense. In the short-term, the period of 
concern is during or shortly after placement of the waste. The analysis often uses total 
stress parameters if the materials contain significant fines and laboratory triaxial testing, if 
done, would be performed without drainage and both with and without consolidation.
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Earthquake loads would not normally be considered for this period, and depending on the 
conditions of placement, other transient loads may or may not be considered.
In the long-term, the period of concern extends from shortly after placement to an 
indefinitely long time. Drained shear strength and effective stress parameters are normally 
used o f these analyses as are earthquake loads, if appropriate. Laboratory triaxial tests, if 
done, would be performed consolidated and drained. Steady state seepage and associated 
pore pressures would be considered if appropriate.
FACTOR OF SAFETY
In limit equilibrium analysis the factor of safety o f a potential slope failure surface is 
simply the ratio of the restraining forces in the slope to the driving forces. Typically 
included in the restraining forces are friction and cohesion on the failure surface and 
buttressing loads at the toe. Driving forces include the tangential component of soil 
weight on a sliding surface, seismic forces, water pressure (if present), and any surcharge 
loads.
An assumption regarding failure in most limit equilibrium analyses is that it occurs 
simultaneously along the failure surface once the factor o f safety falls below a value of 
one. Also, it is generally assumed the factor of safety is the same over the entire length of 
the failure surface. Based on the below discussion regarding progressive failure, it is 
obvious that the factor o f safety is not the same everywhere on a failure surface. This has 
been noted by Wright, et al. (1973), Tavenas, et al. (1980) and others. In order to be 
accurate, evaluation of the potential for failure must consider the restraint conditions in the 
soil, stress-strain relations and the stress drop-off along the entire length o f the potential 
slip surface.
The factor of safety that is considered acceptable for a safe design o f an existing 
slope that is in question will depend on the degree of confidence one has in the
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information about the slope geometry, material parameters, site conditions, and degree of 
conservatism built into the analytical method. Of course, the consequences of slope failure 
will also influence the judgment about what an acceptable FOS may be. Often regulatory 
agencies will establish minimum factors of safety for mine waste piles, in the interest of 
worker safety or environmental protection.
Development Of Failure In Slopes
This section discusses the concept of progressive failure (Bishop, 1971; Bromhead, 
1986) in the soil of slopes subjected to increasing loads. This is viewed in relation to mine 
waste soils and slopes. Consider the slope and circular failure in Figure 5.1.
Figure 5.1.
CIRCULAR FAILURE WITH STRESS DIAGRAMS
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Looking at stresses along the slip circle, an active failure zone is present near the upper 
left which has low lateral stress; soil is yielding in tension. The soil condition would be 
best represented by a triaxial extension test. At the bottom, horizontal shear under a 
normal load and at-rest lateral stress conditions are present. The direct shear laboratory 
test represents this condition very well. At the right side, passive conditions are present, 
with high lateral stress and soil compression; this condition is best represented by a triaxial 
compression test.
In the initial stage of construction, slope heights are low and shear stresses in the fill 
and its foundation are much less than the strength of the materials (the stress-strain curve 
is steep in the initial section). This soil has not been sufficiently stressed to mobilize or 
develop its full strength. With increasing height, the ratio o f stress to strength rises and 
because of the non-linear nature of the stress-strain relationship, deformation rises at a 
faster rate than the rate at which shear strength is mobilized (the stress-strain curve is 
flattening).
Eventually, continued increase in height causes shear stress in part of the 
embankment to exceed strength. Because of the differences in strength between soils in 
tension versus compression, the soil in the upper portion o f a potential slip circle, which is 
in tension, will tend to fail first. The soil at this point has fully mobilized all its strength 
and is unable to carry additional stress or load, causing it to transfer stress to adjacent soil 
(stress and strength are out of equilibrium). Shifting the load to adjacent soil elements 
forces those elements to mobilze their remain shear strength. This may result in an 
acceleration of displacement, depending on the strength o f adjacent soil.
Because of the progressive nature of load transfer and displacement, the shearing 
tends to migrate from the upper portion of a failure circle (where cracking and settlement 
have occurred) toward the middle and toe along a fairly discrete surface o f displacement 
(slip plane). Eventually, the internal displacements of the soil result in toe heave or rise,
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lateral spreading or bulging. These displacements re-distribute the soil weight and bring 
the soil mass back into equilibrium with the shear strength.
In some slopes, the re-distribution of stresses near the head of the failure will be into 
relatively strong soil and the failure will not be immediately progress. Looking at it from 
another point of view, in non-brittle soils, the load transfer process should theoretically 
produce small displacements which quickly restore equilibrium. The cycle repeats itself as 
additional load increments (lifts or layers) are added. Each time a small displacement 
occurs, the soil strength rapidly is regained.
In brittle soils, when shear stress increases to equal peak strength, the soil is not just 
unable to carry increased stress, but must unload in order to strain further. This load 
shedding causes adjacent soil to mobilize all strength rapidly, creating (more numerous?) 
and larger zones (slip surfaces) in which soil looses its load carrying capacity. Strength on 
these slip surfaces will be at the lower residual value, with the result that larger 
displacements occur in brittle soils as movement re-establishes equilibrium between shear 
stress and strength.
These concepts are important to understanding why mine waste dumps show 
cracking, but seldom fail with major slip-circle type failures. As demonstrated by the lab 
testing for this project, mine waste materials consistently show non-brittle behavior in 
shear. Thus, on a theoretical basis, one could predict that initial settlement and tension 
cracks would develop, but displacements would be small. O f course, other factors such as 
drainage, anisotrophic soil strength, methods of placement, etc. may also influence the 
types o f failure that occur.
Discussion - Mine Waste Dump Slope Failure
To say that a mine waste dump slope has fa iled  could mean several things. To an 
engineer analyzing a slope, if the factor of safety is less than one, the slope may have failed 
or may be in a meta-stable state with failure ready to occur at any time. In other words,
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the numbers show the slope is in a state of failure, whether or not the movement has yet 
occurred. From another point of view, failure may mean the actual movement of part of a 
slope along a surface of displacement, ranging from a displacement of a few inches, up to 
a catastrophic displacement of a major part o f the waste pile. The significance or 
consequences of slope failure depend on the amount of movement and the mine 
operations, developments (e.g. roads), and structures (e.g. buildings, pipelines, etc.) 
affected by the failure.
Based on the discussion in the previous section and observations in the field, the 
most common type of slope failure would be a shallow, near-crest slip of a few feet. This 
may occur repeatedly as the slope advances, and be continually filled over by daily 
operations. It may or may not be progressive (get worse with time and repeated 
movement). Such failures have little impact on most mine operations or developments. 
Hence, they are of little significance and although the dump has failed, it is still functional. 
Even failure of more massive amounts of material into undeveloped areas may have no 
consequences as far as the mine operators are concerned. However, if worker safety or 
mine developments are affected, or if operations are delayed, the failure would have 
adverse consequences (be significant). At some sites, almost any type o f slope instability 
or movement may be considered unacceptable from an environmental point o f view, 
making failure always a significant event.
SLOPE STABILITY THEORIES
Based on the materials in the waste pile and foundation, problem geometry, and 
groundwater conditions, the engineer or geologist performing an analysis must apply 
judgment and experience to determine the most likely modes o f failure. Once this is 
accomplished, the appropriate method is selected by which to perform the analysis to 
determine the factor of safety of a particular slope. Selecting an analytical method also
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involves considerations such as the quality and quantity of useful field and laboratory data, 
time and resources available for the analysis, ability and experience o f the analyst, 
availability of computer hardware and software, ease of use for that software, and last but 
not least, the importance of the analysis or consequences of slope failure. Many of these 
considerations certainly entered into the decisions regarding how to analyze waste piles 
for this dissertation.
There are a large number of publications discussing the various methods o f stability 
analysis. This makes a comprehensive discussion of these methods unnecessary for this 
project. Methods that are used for the project or that are especially applicable to analysis 
of mine waste pile stability will be discussed below or in association with the individual 
sections. As an overall brief summary of the common approaches, Table 5.1. is presented 
below.
Table 5.1
Summary Of Stability Analysis Methods
ANALYSIS
METHOD
DESCRIPTION ADVANTAGES LIMITATIONS REFERENCES
SIMPLIFIED
METHODS
— O rdinary M eth od  
o f  S lices
-B is h o p 's
S im p lified
— F orce E qu ilibrium
S im p lified  m eth od s do not satisfy  
all co n d itio n s o f  sta tic  equ ilibrium . 
O M S n eg lec ts  s in ter -s lic e  forces, 
and  a u n iq u e FO S is  so lv ed  
directly . B ish op 's S im p lified  
n e g le c ts  in ter -s lic e  sh ear forces.
A ll three m eth od s require iteration  
to  so lv e  for F O S
R e la tiv e ly  qu ick  an d  ea sy  to  
u se  w ith  m odern  com puter  
program s w id e ly  availab le , 
u su a lly  w ith in  (+ /-)  10-15  
percent com pared  to m ore  
r igorou s m eth od s
D o  not satisfy  a ll co n d itio n s  
o f  static  equ ilibrium , O M S  
m ay be v ery  con servative  i f  
h ig h  pore pressures or flat 
slo p es  are in vo lved . O M S is 
su itab le  for  total stress  
a n a ly sis  on ly . B ishop 's  
S im p lified  m ay have  
prob lem s w ith  con vergen ce  
for  steep  fa ilu re surfaces.
D u n can  et al (1 9 8 7 )  
H olm q u ist (1 9 8 9 )  





— M orgen stern -
Price
— Saarm a
R ig o ro u s m eth o d s sa tis fy  a ll 
co n d it io n s  o f  sta tic  equ ilibrium . 
V a ria tio n s b etw een  d ifferen t 
m eth o d s g en era lly  relate to 
a ssu m p tio n s  regard in g  the  
treatm ent o f  in ter -s lice  forces. A ll 
fo u r  m eth o d s require iteration  to  
so lv e  fo r  F O S. M eth o d s gen era lly  
a g ree  w ith in  about 5 p ercen t w ith  
ea ch  oth er  w ith  respect to  FO S.
R ig o ro u s m eth od s sa tisfy  a ll 
co n d it io n s  o f  static  
eq u ilib r iu m , th ey  arc m ore  
co m p reh en s iv e  than sim p lified  
m eth od s. W id e ly  a v a ilab le  
com p u ter program s m ake use  
re la tiv e ly  easy.
S o m ew h a t m ore d ifficu lt  
and co stly  to  use  than  
sim p lified  m ethods.
R equ ires m ore d eta iled  
k n o w led g e  to in terpret 
resu lts properly  com pared  to 
sim p lif ied  or other m ethods.
Janbu (1 9 5 6 )  
S p e n c e r (1 9 6 7 )  
M orgen stern  and  
Price (1 9 6 5 )  
Sarm a (1 9 7 3 )
NUMERICAL
METHODS
—F in ite  E lem en t  
—F in ite  D ifferen ce
A n a ly z e s  the d istr ibution  o f  stresses  
an d  stra in s w ith in  the dum p m ass
M ay p rovid e in s ig h t into  
in tern a l stresses, deform ation  
an d  m o d es o f  fa ilure
N o t very  com p atib le  w ith  
large  d eform ation s that m ay  
be co m m o n  in  dum p  
fa ilu res, re la tiv e ly  ex p en siv e  
and d ifficu lt to  set up 
a n a ly sis
H olm q u ist, 1989  
D u n can  and  C hang  
(1 9 7 0 )
D u n ca n  (1 9 8 4 )  
D u n can  (1 9 9 2 )
IC G  (1 9 8 9 )
Table 5.1
Summary Of Stability Analysis Melthods
ANALYSIS
METHOD
DESCRIPTION ADVANTAGES LIMITATIONS REFERENCES
SLIP CIRCLE Failure m ass acts as rig id  body that 
rotates on  a  circu lar or lo g  spiral 
fa ilure surface. T h e  S w ed ish  C ircle  
m eth od  a ssu m es <j> =  0  and  F O S  is  
based  on  m om en t equ ilib riu m . T he  
F riction  C irc le  m eth od  a ssu m es a ll 
forces are co n cen tra ted  at a  s in g le  
poin t on  the fa ilu re c irc le  and  FO S  
is based  on  a ll three eq u ation s o f  
equ ilibrium . T h e  L og  Spiral 
m ethod  a ssu m es c  =  0  an d  FO S is 
based on  m om en t equ ilib riu m . A ll 
three m eth od s e x p lic it ly  or 
im p lic it ly  sa tisfy  a ll co n d it io n s  o f  
static  equ ilibrium .
Q u ick  and  easy  to use, 
in e x p e n s iv e , ca n  be d on e either  
by hand or w ith  com puter. 
F rictio n  C irc le  m ethod  
p rov id es lo w er  b ou n d  lim it  
eq u ilib r iu m  a ssessm en t o f  
F O S. A ll m eth o d s u sefu l for 
p relim in ary  estim a tes o f  FO S  
or for  c h e c k in g  com puter  
so lu tio n s . N o rm a l stress  
distr ib u tion  a ssu m ed  for L og  
Spiral m eth od  m ore reasonable  
than  con cen trated  stress  
assu m ed  by F riction  C ircle  
M ethod.
<j> =  0  a ssu m p tio n  for 
S w ed ish  C irc le  m ethod  
restricts ap p licab ility  to total 
stress a n a ly ses  o f  co h esiv e  
slop es. M a y b e v e iy  
co n serv a tiv e  FO S.
R estricted  to c ircu lar or lo g  
spiral fa ilu re surfaces and  
h o m o g en eo u s slop es. 
Probably not su itab le  as 
a n a ly sis  m eth o d  for large  
co m p lex  w a ste  p iles .
Craig (1 9 7 3 )  
H olm quist (1 9 8 9 )  
U S B M  (1 9 8 2 )  
T aylor (1 9 4 8 )
Y=0 METHOD M eth od  o f  s l ic e s  that a n a ly zed  the  
distribution  o f  sh ea r  stresses a lo n g  
a se lec ted  fa ilu re p la n e  to  
d eterm in e  w h ic h  portion s o f  the  
fa ilure surface are in  equ ilibrium .
Q u ick  and  easy , in ex p en s iv e . 
C an be u sed  to a n a ly ze  
p ro g ress iv e  fa ilure, or h e lp  to 
understand  in ternal 
d eform ation . W ell-su ited  for 
probab ility  o f  fa ilure  
a ssessm en ts.
Sam e lim ita tio n s as for  
rigorous m eth o d s o f  s l ic e s
C aldw ell and  M oss  
(1 9 8 1 )
METHOD OF 
SLICES
F ailure m ass d efin ed  by gen eral s lip  
surface that is  d iv id ed  in to  a  
num ber o f  v ertica l s lices . 
E q u ilib rium  is  co n sid ered  
separately  for  ea ch  s lic e  an d  F O S is  
based  on  ratio o f  sum  o f  av a ila b le  
shear stren gth  to su m  o f  shear  
stress on b a se  o f  ea ch  slice .
C an m od el a  va riety  o f  fa ilure  
surface sh a p es , w id e ly  used  
and accep ted . E a sier  to han d le  
ch a n g es  in  m ateria l properties  
and m ore rational a ssessm en t  
o f  n orm al fo rces on  base  
com p ared  to s lip  c irc le  
m ethod
R equires assu m p tio n s  
regard in g  fo rces actin g  
b etw een  s l ic e s  in  the m ass, 
can  be s lo w  an d  d ifficu lt for  
hand ca lcu la tio n s
H olm quist (1 9 8 9 )  
U SB M  (1 9 8 2 )  
C A N M E T  (1 9 7 7 )  
D un can  ct al (1 9 8 7 )  
T aylor, (1 9 4 8 )
Table 5.1




DESCRIPTION ADVANTAGES LIMITATIONS REFERENCES
STABILITY
CHARTS
C harts and tab les for  m an y o f  the  
m eth od s listed  b e lo w
Q uick  and  easy , in ex p en s iv e , 
u sefu l for ch eck in g  resu lts o f  
com puter a n a ly ses or for 
prelim in ary  estim ates
S o lu tion s are approxim ate, 
can n ot m o d el co m p lex  so il 
or groundw ater con d ition s, 
or co m p lex  fa ilu re  
geom etry
D u n can  et al (1 9 8 7 )  
H ock  and Bray  
(1 9 8 1 )
INFINITE SLOPE F ailure surface is  p lanar, sh a llo w , 
an d  parallel to s lo p e  surface. F O S  
based  on  force eq u ilib r iu m  o f  a 
vertica l s l ic e  that is un it w id th  — 
m om en t eq u ilib r iu m  is  sa tisfied .
Q uick  and  easy , in ex p en s iv e , 
can  u se  hand ca lcu la tio n s, can  
accou n t for seep a g e  forces, 
chart so lu tio n s ava ilab le
S o lu tion s are approxim ate, 
assu m es h o m o g en eo u s  
slop es
D u n can  ct al (1 9 8 7 )  
H olm quist ct al 
(1 9 8 9 )
H uang (1 9 8 3 )
PLANE FAILURE F ailure m ass is  r ig id  b lo ck  slid in g  
on  planar surface that d a y lig h ts  o f  
slop e. FO S b ased  o n  force  
equ ilibrium  but m o m en t  
equ ilibrium  is  sa tisfied .
Q u ick  and  easy , in ex p en s iv e , 
can  u se  hand  ca lcu la tio n s, can  
accou n t for  ten s io n  cracks and  
p iczo m clr ic  pressures.
Internal d eform ation s not 
con sid ered , a lth o u g h  th ese  
are co m m o n ly  ob served  in  
the field .
H oeck  and Bray  
(1 9 8 1 )
H olm q u ist et al 
(1 9 8 9 )
WEDGE OR 
BLOCK
F ailure m ass is  d iv id ed  in to  tw o  or 
m ore w ed g e-sh a p ed , rig id , 
in teracting  b lock s. T o e  b lock  
supports other b lo ck s . F orce  
eq u ilib riu m  ev a lu a ted  for upper  
b lo ck s to d eterm in e  la tera l forces  
on  toe, then  F O S  d eterm in ed  for  
to e— th is is  F O S  for the sy stem  o f  
blocks.
M o d els  so m e  types o f  w aste  
dum p b eh a v io r  v ery  w e ll. 
R ela tive ly  q u ick  and  easy , can  
be d on e w ith  hand or com puter  
ca lcu la tio n s, u se fu l for  
param etric stu d ies.
M o m en t eq u ilib riu m  m ay  
not be satisfied . M ust 
assu m e p o in t o f  a p p lica tion  
for force o n  toe  b lock . FO S  
b ased  o n  b a se  p la n e  o f  toe  
block , not on  en tire  fa ilure  
surface. M ust use cau tion  
w h en  com p arin g  resu lts  
w ith  other m ethods.
C am pbell et al (1 9 8 6 )  
R ichards et al (1 9 8 0 )  
C A N M E T  (1 9 7 7 )  
U S B M  (1 9 8 2 )
92
An interesting question regarding the accuracy of various limit equilibrium methods 
has been discussed by Duncan (1992) in his state of the art paper on slope stability and 
deformation analysis. He states that the factor of safety for any of the methods that satisfy 
all conditions of equilibrium (e.g. Janbu's, Morgenstem and Price's, and Spencer's) will 
have a maximum difference from each other and will be within plus or minus 6 percent of 
what can fairly be considered to be the correct answer. He further states that Bishop's 
method is accurate except for situations when numerical problems are encountered. These 
statements are based on his evaluation of numerous papers discussing computational 
accuracy of various methods. The practical consequence o f this finding is that the 
engineer should not be especially concerned about the particular method used (among 
those listed above) but ought to concentrate on developing accurate information regarding 
the problem geometry, material characteristics, groundwater conditions, etc. to reduce as 
much as possible the uncertainties in these factors.
Infinite Slope
Infinite slope failures are characterized by a sliding mass that is thin compared to the 
length of the slope and a failure plane that is parallel to the slope. Failure o f this type may 
be caused by anisotropic soil conditions (e.g. plate-like rock particles lying parallel to the 
slope), thin layers of very weak material near the surface, or cohesionless soil in the waste 
pile. In the stability analysis, it is generally assumed the failure mass is homogeneous and 
that stresses on all vertical planes through the mass are equal. An idealized slice of the 
failure mass is selected and analyzed for FOS using force equilibrium equations 
(Holmquist, 1989). The FOS is calculated as the ratio of shear strength to shear stress 
along the bottom of the slice. Moments are not considered in the analysis, but the solution 
implicitly satisfies moment equilibrium (Wright, 1981).
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This type of analysis is applicable to many of the relatively simple near-surface 
failures in waste piles because there is a correspondence between the geometry and 
soil/rock characteristics in the theoretical conditions and in the field. As shown in the 
sensitivity analysis later in this chapter, analyses using the Simplified Bishop's method 
commonly find the most critical slip circle to be shallow and nearly parallel to the slope 
(large slip circle diameter) in cohesionless materials. This suggests use of the infinite slope 
method would be appropriate for these materials.
Wedge And Block Failures
A number of field and laboratory model studies (see discussion in a later section of 
this chapter) have shown that under conditions where a waste pile is built on a weak 
foundation, failure may occur through development of wedge or block shaped structures. 
In the case of a block failure, there would be an inclined failure plane within the waste pile 
and a basal failure plane. The failed block would slide on these two planes with a general 
downward and outward motion. This could be called a single wedge failure and in terms 
of Rankine lateral earth pressure theory, the single block is an active wedge. In the case 
of a two-wedge failure, a similar active wedge is present (apex down), but in addition, this 
wedge is pushing against a passive wedge (apex up) at the toe o f the slope. In this case 
sliding is occurring on three surfaces, the back of the active wedge, the base of the passive 
wedge, and the surface between the two wedges. A three-wedge failure might have an 
intermediate block or wedge between the active and passive wedges. Multiple sets of 
active and passive wedges are also possible if failure has repeatedly occurred within a 




Circular failures are common in engineered embankments and natural slopes, 
especially if cohesive soils are involved. As shown in the above summary table, a number 
of methods have been developed to analyzed this type of failure. The methods generally 
fall into two categories: 1) those that divide the failure mass into discrete slices and 
analyzed the force and/or moment equilibrium of each slice, then sum the resultant values 
over all slices; 2) those that analyze the failure mass as a whole with respect to force 
and/or moment equilibrium.
Because of its ease of use, availability in several computer versions, and relatively 
good accuracy, the Simplified Bishop's method (Bishop, 1955) is very commonly used.
The method does not satisfy all equilibrium conditions, but does consider normal interslice 
forces. An assumption of no interslice shear forces is made. The equation of moment 
equilibrium considers the entire soil mass as a single free-body to compute the factor of 
safety (Holmquist, et al., 1991). In this project, the Simplified Bishop's method is used in 
the program XSTABL.
Janbu's Method
The Janbu General Procedure of Slices or Janbu Method (Janbu, 1954) evaluates the 
force equilibrium on a series of slices through the failure mass. It is assumed that the line 
of action of interslice forces is defined by the slope of the line of thrust and by a vertical 
distance between the shear surface and the line of thrust. This method has been used for 
double-wedge analyses in this project, using the program XSTABL.
Non-Circular
Failure may follow pre-existing zones of weakness, or be constrained by structural 
features in the waste pile or foundation. These conditions may make the failure follow an
irregular path or one that does not conform to the "standard" modes of failure. If  these 
conditions are known, analysis may still be possible by dividing the problem into distinct 
zones and analyzing each individually. Alternatively, a numerical method (e.g. finite 
difference) may be employed. The important factors are correct definition o f the problem 
geometry and material characteristics, as in all types of analysis.
ANALYSIS USING XSTABL
XSTABL is a program for IBM compatible PC computers. It is marketed by 
Interactive Software Designs, Inc. of Moscow, Idaho and was developed by Dr. Sunil 
Sharma of the University of Idaho. Version 4.1 (XSTABL, 1992) was used for this 
dissertation.
XSTABL is based on the efforts of many people, dating back to the 1970's. The 
original mainframe program STABL was developed at Purdue University, West Lafayett, 
Indiana in conjunction with the Indiana Department of Highways Joint Highway Research 
Project (JHRP). The research was reported in JHRP-75-8 (Siegel, 1975a) and the 
STABL User Manual for the program was published as JHRP-75-9 (Siegel, 1975b). 
Research leading to the revised STABL2 was reported in JHRP-77-25 (Boutrup, 1977) 
while the STABL User Manual was revised and issued in 1978 (Siegel, 1978). STABL4 
was issued in 1984 (Lovell et al., 1984) as JHRP-84-19 and is the last published major 
revision to the core of the program.
Two main difficulties with using these versions of the program were the correct 
formatting of input data to the program and obtaining graphic output on printers (as 
opposed to plotters). Starting in 1988, under a grant from the Idaho Transportation 
Department, Dr. Sharma (Sharma, 1988) began development of pre- and post-processors 
to make use of STABL4 easier (make it more user-friendly). In 1989, with support from 
the USDA - Forest Service he produced a version of the program incorporating many
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processing features, including context-sensitive help and improved techniques for handling 
data errors. After testing and additions this was released as XSTABL Version 3 in Spring 
1990. Further refinements lead to Version 4.0 in October 1991, and after receiving 
reviews and comments on that version, Version 4.1 was issued in Summer 1992.
The program STABL5M (Bosscher, 1990) also incorporates pre- and post­
processors to the core program STABL4 to make its use easier. However, this 
modification appears to have been done independently of the lineage of XSTABL. This 
program was not used for this project.
Features of STABL
STABL analyzes general two-dimensional slope stability problems by a limiting 
equilibrium method . The factor of safety is calculated by a method o f slices that uses the 
Modified Bishop method for failures of circular shape or the simplified Janbu method for 
failure surfaces of general shape. STABL uses techniques for generation o f potential 
failure surfaces to allow determination of the most critical surfaces and the corresponding 
factors o f safety. STABL is programmed to handle a variety of parameters that may be 
involved in the analysis, including heterogeneous soil systems, anisotropic soil strength 
properties, excess pore water pressure due to shear, static groundwater and water surface, 
pseudo-static earthquake loading, and surcharge boundary loading (Siegel, 1983).
Features of XSTABL v. 4.1
XSTABL takes advantage of the above features of STABL and adds several others, 
too numerous to present in detail here. For a full accounting of the features o f XSTABL, 
the reader is referred to the XSTABL Reference Manual (Sharma, 1991) and text files that 
accompany the Version 4.1 program. Features that were particularly useful during this 
dissertation are the ability to rapidly change soil parameters or geometry for sensitivity
studies, the ability to use nonlinear Mohr-Coulomb strength envelopes, and the ability to 
do analysis on two-wedge problems. A few of the interactive features o f XSTABL that 
make it especially easy to use include menu selection of input categories, prompting for 
data to be entered in tables, error checking during the data entry phase, on-screen review 
of slope geometry, and the ability to manipulate files without leaving the program.
SENSITIVITY ANALYSES -  PARAMETER VARIATIONS
This section discusses the effects on the factor of safety caused by changing various 
parameters such as slope height, strength of the waste pile materials, angle o f the waste 
pile face, etc. It should be viewed as a qualitative description of the influence of these 
parameters. The specific factor of safety or parameter value is not important here, but the 
trends and general ways in which the factor of safety changes in response to parameter 
changes are what is relevant. When reference is made to a "standardslope" in the 
following sections, this means a waste pile slope 300 feet in height, with a 37 degree face 
angle, and no portions are saturated.
This section is considered important, since many discussions o f slope stability found 
in the literature on mine waste piles review the various methods of analysis that are 
available, but stop short of demonstrating the application of those methods using realistic 
soil and waste pile parameters. By performing these parameter studies, it is hoped that it 
may be demonstrated which parameters are the most critical and should be given the 
greatest attention during an analysis.
Waste Pile Angle Of Friction
For a standard slope using frictional materials, the FOS changes from about 0.65 
with <f> = 25° to 1.6 for 4> = 50° (see Figure 5.2). Since most waste pile soils depend 






Factor Of Safety Versus Waste Pile Angle Of Friction
The majority of the critical slip surfaces pass through or very near the toe o f the 
slope and the most critical slip circle (lowest FOS) is almost invariably shallow, within 
about 20 feet of the slope surface regardless of the phi angle (see Figure 5.3). 
Observations in the field of actual failures bear out the form of the failure shown in this 
figure.
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STR37PRT 2 - 2 7 - 9 3  9:04
Phi=37 Deg., H=300 Ft., Face=37 Deg.
Figure 5.3.
Ten Most Critical Slip Surfaces -- XSTABL Output File 
Waste Pile Having Frictional Soil Only
Cohesion Intercept
Figure 5.4 illustrates the effects of increasing the amount of cohesion attributed to 
the waste pile soil while keeping the frictional strength at <j> = 37°. The FOS increases 
from about 1.1 with c = 100 psf to almost 1.9 for c = 3000 psf. Higher values o f cohesion 
could not be attributed to true cohesion (from clay soil) in most waste pile materials, 
rather, they might be interpreted as apparent cohesion caused by particle interlocking (see 
discussion in Chapters 3 and 4).
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Figure 5.4.
Factor Of Safety Versus Waste Pile Cohesion
Not surprisingly, the most critical slip surfaces for soil with c < 500 psf look the 
same as those discussed for the mainly frictional soils (see Figure 5.3). However, above 
this value the depth of the most critical surfaces becomes deeper (50 to 75 feet), the radius 
of the slip circles becomes shorter, and the initiation point of the circles moves outward 
beyond the toe (see Figure 5.5). The driving forces in the slope should be about the same, 
regardless of cohesion. However, as the soil strength increases with added cohesion, the 
longer, deeper slip circles gain proportionally less strength compared to the short shallow 
slip circles, and thus loose an advantage with respect to the FOS (become more critical).
In other words, a shallow slip circle has relatively little weight on the base o f any given 
slice and the resisting frictional force is small. Added cohesion might increase the total 
resisting force by 50 or 100 percent. A deeper slip circle has relatively more weight on the
base o f a slice and the resisting frictional force is higher. Added cohesion might only 
increase the total resisting force by 25 to 50 percent for this circle.
STC03KPR 2 -27 -93  9:20
37 deg. s lope,  p h i= 3 7  deg., C=3000
1 0 1
Figure 5.5. Ten Most Critical Surfaces -- XSTABL Output File 
Waste Pile Soil With Cohesion
Angle Of Slope Face
The steepness of the slope face plays an important part in the stability o f that slope. 
For a 300 foot high slope with (j) = 37° soil, the FOS for a slope with a 27 degree face 
angle is about 1.5. Increasing the face angle to 52 degrees causes a fairly linear decrease 
to FOS = 0.6 (see Figure 5.6). The most critical slip circles remained fairly shallow in all 
of the analyses, since the waste pile soils were frictional. Most slip circles initiated near 
the toe and had moderate to large radii.
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Figure 5.6.
Factor Of Safety Versus Angle Of Slope Face
Slope Height
The influence of slope height was examined for both frictional soils and for frictional 
and cohesive soils. Figure 5.7, for frictional soils only ( <j) = 37°), shows that slope height 
has almost no influence on FOS. The slip circles for these slopes initiate near the toe of 




Factor Of Safety Versus Slope Height 
(Frictional Soils Only - No Cohesion)
For waste pile soil with a smaller phi value ( <J> = 30°) and three different amounts of 
cohesion, Figure 5.8 shows that slope height has a modest effect on FOS for intermediate 
and high slopes (300 to 700 feet high) and a slightly greater effect on shorter slopes.
These effects are relatively uniform for the slopes analyzed, regardless of the amount of 
cohesion attributed to the soil. The shape of the slip circle and its depth appear to be little 
affected by slope height except that the critical slip circle becomes slightly deeper (and of 
course, longer) as the slope height increases.
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Figure 5.8.
Factor Of Safety Versus Slope Height 
(Soil With Cohesion Plus Friction)
Water Surface In Slope
Figure 5.9 illustrates the approximate locations of the water surfaces used in the 
analyses for this section ( after Hoek and Bray, 1981).
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H20ALLPR 2 -2 7 - 9 3  9:52
Water Surfaces In Slope
Figure 5.9
WATER SURFACES IN SLOPE AS ANALYZED
Figure 5.10 shows that there is a general decrease in the FOS for a slope as the 
saturated zone in the slope rises. The trend is different for the "unsaturated" to "toe of 
slope" portions of the graph because these slip circles did not generally encounter the 
saturated zone for these analyses whereas slip circles for the other zones did encounter 
groundwater. The decrease in FOS for slopes with increasing height o f groundwater may 
be attributed to a decrease in the effective friction of the soil and consequently a reduced 
resisting force for each slice within the saturated zone.
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Figure 5.10.
Factor Of Safety Versus Height Of Water 
Surface In Slope
Earthquake Loading
An increase in the horizontal ground acceleration from 0 to 25% of gravity (g) has 
the effect of reducing FOS by one-quarter to one-third. Figure 5.11 shows this for 
standard slopes deriving strength from either friction only or friction plus cohesion (trends 
are the same for both). The shape and depth of the slip circles (for either soil) does not 
appear to be influenced by changes in the earthquake loading.
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Figure 5.11.
Factor Of Safety Versus Earthquake Loading
Slope Of Foundation/ Foundation Strength
The slope of the foundation under a waste pile can make a modest difference in the 
FOS of the pile. Figure 5.12 shows that FOS decreases about 0.1 for each 5-degree 
increase in foundation slope angle. The factors of safety used to plot this figure had to be 
interpreted from the XSTABL output files and are not necessarily for the most critical slip 
circle. They are for the slip circles with lowest FOS that pass through the foundation 
(often the most critical slip circle does not pass through the foundation in these analyses).
Figure 5.12 also shows that the foundation strength can have an impact on the FOS. 
Regardless of the attitude of the underlying foundation, there is a general decrease in FOS 
with decreasing phi angle for the foundation soil. In terms o f the location of the most 
critical slip circle, the foundation strength has to have a phi angle of less than about 20 to
1 0 8
25 degrees to cause the most critical slip circle to pass through the foundation. Otherwise 
the most critical slip was located at shallow depth below the slope face.
Foundation Soil Angle O f Friction 
Figure 5.12.
Factor Of Safety Versus Foundation's 
Slope and Soil Angle Of Friction
COMPARISON OF LINEAR VS. NON-LINEAR STRENGTH
As discussed in Chapters 3 and 4, the strength envelope for the samples in this 
study may be interpreted as being linear, with a cohesion intercept, or non-linear, with no 
cohesion intercept. This section discusses the effects on factor of safety associated with 
using one or the other of these approaches.
XSTABL runs were made using the linear envelope and cohesion intercept values 
from Table 4.4 (Soil Strength Parameters) and using values from the non-linear envelopes 
shown on the figures in Appendix C. XSTABL allows use of non-linear strength
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envelopes by inputting coordinates (x and a) for the envelope. The Modified Bishop 
method was used to calculate the factor of safety. A slope with 37 degree face angle and 
300 feet high (vertical height) was used. Table 5.2. presents the results of these analyses.
Table 5.2.
LINEAR VS. NON-LINEAR STRENGTH 
..EFFECTS ON FACTOR OF SAFETY





! Bald Mtn BM 1.081 1.015 V i
iBarrick G 1.238 1.118 j
UP 1.149 1.020 |
| UPA 1.244 0.966 1
i Big Springs MS 1.380 1.370 V
MSO 1.705 1.481 |
Candelaria CF 1.465 1.384 V
PH 1.410 1.040 |
iNewmont CG 1.298 0.994 |
MC 0.799 0.734 V
! ND 1.525 1.447 V
NDM 1.062 0.763
Round Mtn RM1 1.131 0.925 |
j RM2 0.988 0.976 V |
| ........................... Rm3 _______ 1.051.•.W .VA\V.'.TOW .1.\W .\\\W M W W AW .-.\W .W --AW .V. 1.002 j
Note: V see following test
Please note that the factor of safety shown in the above table is for the most critical 
slip circle, as reported in the XSTABL output files. One observation regarding the factor 
o f safety between the two columns is that use of the linear strength envelope and cohesion 
intercept produces a higher factor of safety in every case. Examination of the graphic 
plots for the ten most critical slip circles, for each of the linear envelope cases shows that 
typically the most critical slip circle averages a maximum 134 feet deep, measured 
perpendicular to the slope. The plots for the non-linear envelope cases show that the most
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critical slip circle depth falls into two groups. The first group (6 samples) has an average 
maximum depth of 140 feet; these slip circles look very much like those in the linear 
envelope group and their factors of safety are only slightly lower than those for the linear 
envelop group. The samples in this group have a check next to the factor o f safety value 
in Table 5.2. In the second group of non-linear envelop cases (9 samples), the average 
depth of the most critical slip circle is 32 feet. This group had very shallow slip circles, 
near to the slope face, and having a large diameter. The factors of safety for this group 
were much lower than for the same materials using the linear strength envelope.
Evaluation of the non-linear strength envelopes can help to explain why there is such 
a large difference in the shape of the most critical slip circle between the two groups, as 
well as explain the factor of safety trends observed above. There are two observations 
about the location and shape of the envelops:
1) The non-linear group of six samples with critical slip circles that look like 
the linear group all have low friction angles in the higher normal stress range 
(right end of the curve)
2) The linear envelopes for this group have a large cohesion intercept, which
translates to a steeply rising non-linear envelop in the low normal stress 
range.
These factors combine to make the members of this group behave similarly to the 
samples in the linear envelope group. Which type of strength envelope should be used for 
slope stability analysis of mine waste rock? First, it is probably best to interpret the Mohr 
envelope both ways, and to perform the analysis using both linear and non-linear 
envelopes. Based on the stability analyses done for this study, it makes very little 
difference for some materials, but may make a major difference for others. If  it makes
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little difference in the factor of safety, just report both values and leave it at that. If the 
factors of safety are significantly different and the shape and location of the critical slip 
circle is very different, it may be necessary to differentiate between shallow and deep 
failures in the waste pile, and use the factor of safety for the type of failure that judgment 
and experience say is the likely mode of failure.
FAILURE ANALYSIS USING WEDGE MODEL
In a sliding block failure, a single block detaches from the soil or rock mass and 
slides on a single failure plane or zone. A more complicated situation is failure involving 
two or more blocks sliding on the same or different surfaces and interacting with each 
other. In soil materials (e.g. mine waste materials) the configuration of the blocks, 
attitude of the failure surfaces (both interblock and basal) may be determined by structural 
features in the slope and the strength (friction angle) of the soils involved. Analyses may 
be based on lateral earth pressure theory and incorporate a passive wedge at the toe of the 
slope, an active wedge in the upper part of the slope and sometimes a central block of 
material between these two. Some analyses of wedge failures in the mine waste pile 
literature are based on field observations regarding the mode o f failure (Nguyen, et al., 
1984 and Richards, et al., 1980). These will be discussed below. Two very interesting 
papers (Sultan and Seed, 1967 and Seed and Sultan, 1967) present pioneering studies of 
model studies and the analysis of wedge failures in relation to embankment dams.
Work By Sultan and Seed
Sultan and Seed (1967) and Seed and Sultan (1967) are credited with publishing 
two of the first papers on this topic, in relation to shell failure adjacent to sloping clay 
cores of embankment dams. They were faced with the problem of analyzing a condition 
that appeared possible in the field, but had not been recorded in published literature. Their
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approach was to use physical models in the laboratory to evaluate the failure mechanisms 
involved with this type of problem and to improve their analytical methods based on the 
model studies. The basic arrangement of sliding blocks, wedges, and failure planes or 
zones determined in their studies is shown in Figure 5.13., (after Figure 17a, Sultan and 
Seed, 1967).
Their analysis employs a limit equilibrium approach with sliding on bilinear basal 
planes, passive and active wedges, and transfer of resultant force between the wedges. 
The center section of Figure 5.13. illustrates the basis of their force equilibrium analysis 
and the force diagrams at the bottom of this figure illustrate the resolution o f forces. This 
model uses sliding on the clay core and a second basal zone near the foundation.
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Figure 5.13.
Sliding Blocks and Shear Surfaces
In an accompanying paper (Seed and Sultan, 1967), an extended discussion of their 
stability analysis is presented. Some of the significant conclusions from their studies 
include:
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1) When failure occurs in sloping core embankments, the boundary between the 
sliding block is inclined, and corresponds to computed critical sliding block analyses which 
show the lowest factor of safety occurs when the inclination between blocks is 35 degrees. 
This factor is important, since the direction of interblock forces, determined by the 
inclination of the failure surface, seriously affects the balance of forces for the sliding 
blocks.
2) Use of triaxial compression test strength values will likely result in 
underestimating the factor of safety by as much as 10 percent. This is because the 
embankment failure occurs under plain strain conditions, rather than triaxial conditions.
3) Use of a vertical boundary between sliding blocks is incorrect and leads to a 
small overestimate of the actual factor of safety (in their studies equal to 6%).
4) When an analysis uses triaxial strength values and vertical block boundaries, the 
result may be reasonably accurate, largely because of compensating errors.
One significant aspect of their work was the association of failure wedges and 
failure surfaces with sloping clay cores. Of course, clay cores do not normally occur in 
mine waste embankments, but zones of weakness caused by a change o f material, material 
fabric (orientation o f platy particles), development of weathering surfaces, etc., may be 
present in waste piles. In end tipped piles, these surfaces may be buried and oriented at 
approximately the angle of repose of the material (say 37 degrees on average) and thus 
simulate an embankment clay core which might serve as a basal failure plane. While some 
of the more recently constructed mine waste piles in Nevada employ soil stripping in the 
foundation zone, older waste piles often have a relatively weak soil layer at the base. This 
represents a potential zone of shear failure and coupled with potential zones o f weakness 
oriented at the angle o f repose, may reproduce the conditions modeled by Sultan and
Seed. When such conditions occur in the field, the methods of Sultan and Seed are 
worthy of consideration during any analysis of stability.
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Wollongon Two-Wedge Model
At the University of Wollongong, (Australia) Nguyen, Nemcik, and Chowdhury 
(1984) studied strip coal mine waste piles and developed a two wedge model for limit 
equilibrium. Their model is similar to that of Sultan and Seed (1967) in that sliding occurs 
between three surfaces, but is specifically intended to address spoil pile failures. The 
cornerstone of their paper is the use of a computer program to calculate factor of safety 
for spoil piles. Using their program, SWEDGE, they have developed a number of stability 
and design charts useful for waste pile stability analysis. They also discuss various 
buttressing approaches to stabilize the toe wedge and improve overall stability. Figure 
5.14. is based on Figure 1 of Nguyen, et al. (1984) and illustrates the basic configuration 
o f wedges used in their model.
Figure 5.14.
Two-Wedge Slope Failure Model
Goonyella Mine Stability Analysis
Another paper from a group of Australians discusses the slope stability problems at 
Goonyella Mine in Queensland, Australia (Richards, Coulthard, and Toh, 1980). The
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Goonyella mine is a strip coal mine with a history of instability in spoil piles and high 
walls. Their study indicates that in both highwall and spoil piles the most common mode 
of failure is sliding on two or three planar surfaces and that the basal plane is always 
involved. Usually the basal failures were initiated by an increase in porewater pressures in 
clayey materials, due to loading, and an associated decrease in strength of basal layer 
materials. This occurred despite the lack of any evidence of free water (saturation) 
beneath the spoil piles. In these situations failure appeared as movement o f two rigid 
blocks or wedges separated by narrow linear rupture planes. The wedge movements are 
bilinear, that is, each wedge moves in a different direction, depending on the attitude of its 
basal plane. They also conclude that tensile cracking in spoil piles was due to settlement 
and movements during compaction (under self-weight).
University of Witwatersrand Method
Dr. Blight analyzed a number of failures in waste dumps in Witwatersrand, South 
Africa (Blight, 1985). His studies included field surveys of failures, engineering analyses, 
and laboratory models. Waste Piles he studied were built on level ground and had 
relatively thin, weak clay foundations. Some of the relevant findings published in (Blight, 
1985) include:
• He observes that South African waste dumps are known to fail only if greater than 
about 250 feet high or are built on weak foundation materials.
• Those dumps that have failed exhibit a system of active and passive wedges.
• Initial failure involves downward and outward movement of an active wedge 
(sliding on an internal, inclined failure plane) that pushes a passive wedge outward 
(sliding on failed basal plane).
• If a failure is filled over (dump advanced), the same failure zones will fail again, 
plus additional wedge failures form in the outer and toe regions o f the new fill.
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• The rate of advance of a waste dump in relation to the consolidation characteristics 
of clay in the foundation is critical as far as the development of failures is 
concerned.
One significant difference in his presentation compared to that of others is the 
discussion of formation of both initial and subsequent sets of failure wedges. Most 
analyses in the literature ignore the situation of filling over an existing wedge failure, with 
subsequent formation of more wedge failure sets. Based on Blight's Figure 4b, Figure 
5.15. summarizes the pattern of failure found in his studies.
Figure 5.15.
Wedge Failure Pattern (Blight, 1985)
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Pit Slope Manual Two-Wedge Method
An example of a two-wedge analysis is found in Chapter 9 of the Pit Slope Manual 
(MRL, 1977). This analysis takes a rather straightforward limit equilibrium approach 
using two wedges and an intermediate block or wedge. The approach is set up very much 
like that used by XSTABL (see following section) and will not be illustrated here.
XSTABL ANALYSIS OF WEDGE FAILURES 
Background
An option is offered by XSTABL to analyze a slope based on the limiting surfaces 
of the failure being defined by Rankine Wedges. The Janbu method of analysis is used. 
The user defines problem geometry and most other parameters in the same way as for a 
circular failure analysis, except that two "search boxes" must also be defined. During the 
program's search routine, a point is selected in each box to serve as the apex o f a wedge. 
The box on the left (program uses left-facing slopes) defines the apex of the passive 
wedge and the box on the right defines the apex of the active wedge. A central block is 
located between the two Rankine wedges. Boundaries between each wedge and the 
central block are vertical. The search boxes may be collapsed to a line or even to a point 
which define the possible wedge apex locations.
In the Technical Manual for XSTABL, the author, Dr. Sharma, presents a general 
diagram of the geometry and way in which the search boxes are used. His diagram forms 
the basis for Figure 5.16 below:
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Figure 5.16.
XSTABL GEOMETRY FOR RANKINE WEDGE ANALYSIS
As one may see in the figure, the passive wedge is calculated to encompass an angle 
of 45 + phi/2 and the active wedge an angle of 45- phi/2, with the selected point in each 
box serving as the apex of the wedge. The angle that is calculated depends on that of the 
material(s) through which the wedge is passing, and will change from foundation to waste 
rock materials. The points within the search boxes are selected by the program so that as 
many combinations as possible are analyzed (the object being to find the lowest factor of 
safety for failure surfaces following the Rankine wedges and drawn through the points).
In light of the research reported by Sultan and Seed (1967) and their finding that use 
of vertical interblock boundaries may result in overestimating the factor o f safety, it might 
be prudent to view the results from XSTABL as being slightly unconservative, and reduce 
the calculated factor of safety by about 10 percent.
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Example Analysis Using XSTABL
To illustrate the use of XSTABL for two-wedge stability analysis the following 
parameters were used to set up a problem:
• Waste Pile Height = 300 feet
• Foundation Slope = 5 degrees
• Waste Pile Strength: C = 2000 psf, phi = 20 degrees (e.g., Sample CF)
• Upper Foundation Layer Strength: C = 500 psf, phi = 18  degrees (Loose Silty
Topsoil)
• Lower Foundation Layer Strength: C = 500 psf, phi = 40 degrees (Dense
Alluvial Soil)
• Analysis using Rankine Wedges Finding Janbu FOS
• Number Of Failure Paths Analyzed = 500
Figure 5.17. presents an output diagram showing 500 search paths used in an 
analysis. This is included to show that a rather thorough evaluation of the possibilities 
may be completed by XSTABL; this problem took about 2 minutes to run. The locations 
of the search boxes are obliterated in this figure, but visible in the following figure that 
only presents the ten most critical failure paths. Note that the angle used for the active 
and passive wedges changes as it passes through different materials. Note that almost all 
parts of the search boxes have been used for a trial failure.
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RWFND5 7—08—93 14:53
R ankine Wedge, 5 Degree F oun dation  
500 surfaces have been generated for th is analysis
1000 _
Figure 5.17.
Rankine Wedge Analysis -- 500 Surfaces
To show the type of output figure that is typically used for analysis, Figure 5.18. is 
presented below. This includes only the ten most critical failures, which tend to mainly 
pass through the weak foundation zone.
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RWFND5 7 —OB—93 14:50
Rankine Wedge, 5 Degree F oun dation
Figure 5.18.
Rankine Wedge Analysis -  Ten Most Critical Surfaces
Comparison Of FOS With Wedge vs. Circular Failure
The two-wedge and circular failure paths both represent valid approaches to 
analyzing potential failure in mine waste slopes. In some situations it will be very clear 
that analysis using one is more appropriate than the other. However, this may not always 
be true, and lacking field evidence of actual failure, both types of analysis may have to be 
done. The question addressed by this section is, "What difference in the factor o f safety 
results from using one type of failure path versus the other? Since the two-wedge 
method is noted for its application to situations with weak foundation soils, the analyses 
focused on variations in a 25-foot thick foundation layer.
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A series of analyses were made using XSTABL, the Janbu Method, and keeping soil 
parameters the same for both types of analysis. Table 5.3. presents the results of these 
analyses. The table is in two parts: The top portion presents FOS values for frictional 
soils only. The bottom portion presents FOS values for analyses using soils with both 
friction and cohesion. In all cases, the sub-foundation and waste pile soil strengths did not 
vary within analyses in either of the two types. Only the strength of the 2 5-foot 
foundation layer was varied.
Table 5.3.
CIRCULAR VS. TWO-WEDGE ANALYSIS 
EFFECTS ON FACTOR OF SAFETY 
________(Most Critical Failure Path)________







<► = 10 0.763 .764
<j>'=15 0.890 1.012
tj) =20 1.016 1.246
<j> =25 1.136 1.477
d) =30 1.241 1.675
d) =35 1.253 1.865
d) =40 1.253 2.008
d> =20, C = 100 psf 0.820 0.954
()) =20, C = 300 psf 0.845 0.980
'<► =20, C = 500 psf 0.870 1.006
d) =20, C = 1000 psf 0.929 1.064
d) =20, C = 2000 psf 1.020 1.151
N o tes: F irst h a lf  o f  tab le, frictional so ils , w a ste  p ile  strength  <(>=40 d egrees, su b -fo u n d a tio n  
stren gth  <(>=45 d egrees. S econ d  h a lf  o f  tab le, so ils  w ith  fr ic tion  and c o h esio n , w a ste  p ile  strength  
is  <(>=20 d egrees and  C = 2 0 0 0  psf. Sub-foundation  soil: P h i =  45  d egrees, c o h e s io n  =  1 0 0 0  p s f  
V a lu e s  sh o w n  in  co lu m n  1 are for 2 5 -fo o t th ick  foundation  layer d irectly  b en ea th  w a ste  p ile .
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Results -- Frictional Soils In Foundation
Looking first at the frictional foundation soils (top portion of above table), 
comparison of the factor of safety versus foundation friction angle, Figure 5.19. graphs the 
values given in the table. From this it may be seen that at very low foundation strengths, 
the two types of failure path produce identical FOS values. Up to <J)=40 degrees for 
foundation strength, the two types of analysis diverge, with the two-wedge method 
consistently producing higher values of FOS. Up to (ji=30 degrees, both types of failure 
pass through the weak foundation. Above <(>=30 degrees the circular failure path is 
entirely in the waste pile. Note that the graph for circular paths levels out above <J>=30 
degrees and there are no further foundation influences above this value.
(Friction Angle)
Figure 5.19. CIRCULAR AND TWO-WEDGE ANALYSIS 
EFFECTS ON FACTOR OF SAFETY 
(Frictional Foundation Soil)
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Two example output graphics for these analyses (4>= 15 degrees) are presented in 
Figures 5.20 and 5.21. The locations of these two failure paths are reasonably similar.
FRI15DEG 7 -16 -93  15:57
F oundation  Strength  15 D egrees
Figure 5.20.
Two-Wedge Method, Frictional Foundation
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FRI15DCR 7 -1 6 -9 3  15:54
Fnd Strength  15 deg., Circular Slip
Figure 5.21.
Circular Failure Path, Frictional Foundation
Results — Frictional and Cohesive Foundation Soils
Looking at the foundation soils with both frictional and cohesive properties (lower 
portion o f the table) Figure 5.22. presents the most critical FOS for the analyses. It may 
be seen that again the two-wedge method consistently produces a slightly higher FOS. 
The graphic output files for these analyses (not shown) indicate the locations of the most 
critical failure paths, although different in shape, are relatively similar.
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Figure 5.22.
CIRCULAR AND TWO-WEDGE ANALYSIS 
EFFECT ON FACTOR OF SAFETY 
(C-<|) Foundation Soil)
In conclusion, the two methods generate critical failure paths that are located 
relatively similarly, but of different shape. The two-wedge method yields a slightly higher 
Janbu factor of safety compared with circular paths for the Janbu Method.
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Chapter 6
FINITE DIFFERENCE ANALYSIS 
FINITE DIFFERENCE THEORY
Numerical techniques are based on the principle of discretization, which means that 
a large problem, mathematical model, or complex structure is divided or discretized into a 
number of smaller units. In the finite element method (see Chapter 7) the model 
representation of the physical continuum or system is discretized. In the finite difference 
method (this chapter) the basic governing equation is discretized (Desai and Christian, 
1977). Each method has strengths and weaknesses. Wilkins (1963) and other authors 
have shown that the equations used in the finite difference and finite element methods are 
identical for specific examples.
Basic equations governing the behavior of a material in a problem may be expressed 
as differential equations, which may be difficult to solve, either because of their number or 
complexity. Evaluation of the function (variable) at a specific point is accomplished with 
the derivative. In the finite difference method, the ratio o f changes in the variable over a 
small but finite increment replace the continuous derivative. For example,
du _  . Ah _  Ah 
dx Ax Ax
Consequently, a differential equation is transformed into a difference equation (Desai and 
Christian, 1977). Procedures such as Taylor series and interpolation of polynomials are 
used to approximate various derivatives. With an explicit approach an approximate 
solution for the unknown Uj is sought at time t+1 based on the value of Uj at the previous 
time interval /. With an implicit approach a set of simultaneous equations is solved at time 
t+1 and both w/ and t+1 are unknowns. The explicit approach is more straightforward and 
permits step-by-step solution of the unknown directly.
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USE OF COMPUTER PROGRAM FLAC
FLAC is an explicit finite difference computer code marketed by ITASCA 
Consulting Group, Inc of Minneapolis, Minnesota. The program used for this study was 
Version 2.25, dated May 1990, licensed to the Department of Geological Sciences, 
University of Nevada, Reno. The program name derives from the terms "Fast Lagrangian 
Analysis of Continua". It is designed to model materials such as soil or rock which may 
deform elastically and then undergo plastic flow after their yield limit is reached. The 
structures and materials to be modeled are represented by 2-dimensional elements that 
consist o f quadrilateral zones defined by gridpoints which are connected together in a grid 
or network. Each element may be modeled separately if desired, and is programmed to 
follow a given stress-strain law in response to applied forces and boundary conditions. If 
the applied stresses cause a material to yield and flow, the grid can deform and simulate 
movement of the material it represents. This approach to calculation is called 
"Lagrangian", hence the use of this term in the name of the program.
The explicit method makes use of the concept that a disturbance at a given gridpoint 
will only influence adjacent gridpoints in its immediate vicinity initially and with time the 
effects o f the disturbance will be felt by gridpoints farther away. Thus, by choosing 
timesteps that are shorter than the time of propagation for a disturbance, the zone of 
influence is minimized and numerical stability is improved. FLAC uses the velocity of 
sound in a material to establish the appropriate timestep, and uses a dynamic equation to 
solve static problems. In order to reach a static equilibrium condition the program damps 
the dynamic solution, in the same way a dashpot damps the vibration of a spring-dashpot 
system.
The equation that is used by FLAC is Newton's Second Law (the motion equation):
—  = — - a  wherein v is the gridpoint velocity, t is time, F equals the unbalanced 
St m
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gridpoint force, m is the lumped mass at a gridpoint from surrounding grid zones, and a is 
acceleration. Acceleration of the mass lumped at a gridpoint creates an unbalanced force 
at that location, which in turn generates accelerations and unbalanced forces at adjacent 
gridpoints. This condition propagates throughout the grid model with successive 
timesteps. The location and magnitude of unbalanced forces is dependent on the initial 
conditions and boundary conditions. At each timestep the acceleration is integrated once 
to determine the gridpoint velocity and then a second time to determine displacement 
(both x and y directions). Using the four gridpoints that surround a gridzone, the average 
incremental strain of each zone is determined. This information is in turn input into the 
given constitutive equation (stress-strain law) to determine the incremental stress values 
for each zone. The change in stress creates new accelerations and unbalanced forces at 
each gridpoint which serve as the input for the next timestep. Gridpoint coordinates are 
updated for each timestep based on the gridpoint velocity and displacement vectors 
(Rehwoldt, 1989). From the manual accompanying FLAC, an overview of the operations 




• determine out-of-balance forces at gridpoints from zone stresses
• determine gridpoint velocity components from out-of-balance forces
• determine gridpoint displacement by integrating velocities
____________ ft Iterative Cycle U____________
STRESS-STRAIN LAW
For Each Zone
• determine strain rates from gridpoint velocities
• calculate stress increment from stress-strain law
DISCUSSION OF INPUT PARAMETERS 
Mohr-Coulomb Material Model
Analyses for this study used the Mohr-Coulomb material model option in FLAC. 
This formulation assumes an elastic, perfectly plastic solid in plane strain, which conforms 








The shear modulus and bulk modulus were estimated based on an average 
constrained modulus value of 2860 psi, as determined in the laboratory testing for this 
study (see Chapter 4). Using formulas from Christian and Desai (1977), first the Young's 
Modulus value is calculated:
M l + v X l - 2  v) s . 
( l - v )
Then the bulk modulus K and shear modulus G are calculated:
F E
K=  ------- r  = 1980ns/ and G = ------ r = 660psi
3 ( l - 2  v) 2(1+ v)
The density used for the models was approximately 125 psf or 2000 kg/m3. In 
those models using cohesion, a value of 2000 psf was used. If cohesion was used, a 
friction angle of 20 degrees was used for the settlement phases. In some cases these 
values were reduced at the end of the analysis so it could be observed how the model 
would fail. Models depending on friction only for strength used a friction angle of 28 and 
40 degrees, again, reduced at the end to cause failure of the model. Zones within the 
model that were outside the slope, either permanently or for the initial increments were 
modeled with the Null option, which sets stresses to zero.
Grid/Model Size
The version o f FLAC used for this study was designed for use on a PC/AT 
computer and could not take advantage of the extended memory capabilities o f a 386 or 
486 system. This resulted in a size limitation of about 1625 grid zones for the model.
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This value is influenced by the material model and/or combination o f material models used 
and is determined by trial and error.
Boundary Conditions
All gridpoints along the base of the model are fixed in both x and y directions. The 
left and right ends of the model are fixed in the lateral (x) direction but free to move in the 
vertical (y) direction, simulating a roller connection. The top and all other gridpoints are 
free in both x and y directions.
Structure Of The Model and Procedures
There were two basic model structures used for this study. Both types of structure 
were set up to simulate waste piles 100 meters high and up to 325 meters long. The first 
type simulates a completely built waste pile (without incremental layers) and was used to 
evaluate settlement, formation of cracking, and slope stability. The second type simulates 
building a waste pile in several increments, with new material added on about a 38-degree 
slope. It was also used to evaluate formation of cracking, settlement and stability. All 
models except one (6d) used a 25m thick foundation zone of material with high strength 
and stiffness. This was done to simulate a rock foundation that would not significantly 
influence the settlement or contribute to slope instability.
The models were first constructed and simulated settlement was undertaken, 
allowing the material to deform under its self-weight. In the case of the incremental 
model, this process started with a wedge of material in the lower left of the grid and 
repeated with the addition of 7 layers to simulate building out the slope. The wedge of 
material might be used to simulate an older existing section o f a waste dump. Because of 
the size limitations of the model with the version of FLAC being used and the difficulty in 
defining and working with thin diagonal layers, it was found to be practical to use a
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maximum of 7 layers, each 5 gridzones wide (horizontal measurement). During and at the 
end of the settlement process, y-displacement (settlement) of the top of the model was 
monitored.
Following settlement, the strength of the completely built (non-incremental) model 
material was reduced so that the slope would fail. The incrementally built model strength 
was not reduced, since this model used a strength low enough to cause failure during each 
incremental step.
FINDINGS
Appendix G contains a summary of the input files and figures for the FLAC analyses 
done in this study. All of the figures used as illustrations for this chapter are in the 
appendix because their insertion into the following text would be too disruptive to reading 
the text. Because of the large volume of material generated in the trial and error process 
of developing models and number of output files and graphs available, only the input files 
and selected final versions of the output graphics that illustrate a point being made in the 
text are included.
Type One -- Completely Built Waste Pile
Slope Stability
The use o f FLAC to evaluate slope stability for this study was a qualitative exercise. 
It would be possible to evaluate the stress conditions along zones of initial displacement, 
compare these to the model's soil strength, and hence develop a factor of safety. This is a 
very time-consuming process, would only be done for specific cases, and is not justified 
for a general study.
In the present study the models were taken through a preliminary settlement phase 
using material strong enough not to fail on the 38-degree slope, then the strength was 
reduced and the slope allowed to fail while the model was taken through additional
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calculation steps. The value of this process is that the zone of initial displacement may be 
evaluated and the effects of choosing various soil strength parameters may be seen.
For soil strength condition one (model waste2b), no cohesion, the failure begins in a 
narrow layer along the entire length of the slope. This is shown by the displacement 
vectors in Figure G .l. and by the x- and y-displacement contours in Figures G.2. and G.3. 
This is in general agreement with the findings using XSTABL, as presented in Chapter 5.
For soil strength condition two (model waste2a), with cohesion and a reduced 
friction angle, the failure initiates in a deeper broader zone, as illustrated by Figures G.4. 
through G.6. Again, this is in agreement with the findings in Chapter 5 regarding depth 
and shape of circular failures for frictional and friction plus cohesion materials.
Settlement
Settlement was monitored at 6 locations across the flat top portion of the model.
The approximate value caused by gravity settlement of the 100 meter high waste pile 
model was 5.3 meters. There was no significant difference between models using cohesion 
and friction for strength versus those using only friction since settlement primarily depends 
on parameters such as the bulk modulus rather than strength. To illustrate the output 
from this model, Figure G.7. for model waste2c presents a graph of y-displacement versus 
timestep for one of the monitoring points, as recorded for the model. Figure G.8. is a plot 
of the y-displacement contours for the model. Converting to feet and normalizing to a 
300 foot-high waste pile (as analyzed in Chapter 8), the settlement is 15.9 feet or 5.3 
percent o f the vertical height. This compares to 13.1 feet or 4.4% calculated in the 
spreadsheet located in Chapter 8.
Looking at Figure G.8. (ydispl contour plot) note that the contours start out level 
and then deflect upward sharply as they approach the slope face. In this plot the contour 
representing the greatest settlement (y-displacement) is at the top. It is a well-established
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principle in foundation engineering that a load applied at a given location (A) will produce 
an incremental vertical load (as well as a horizontal load) in subsurface soils located to the 
side and below the place of load application (say, at B). This is in addition to any existing 
vertical loads caused by the soil column directly above point B. Moving on an imaginary 
horizontal line of grid zones in the model from left to right, the soil feels a nearly constant 
vertical load until near the slope face, where the incremental vertical load contribution 
added from the right decreases (no load from outside the slope). Thus, along that 
horizontal line, the load and consequently the settlement (which depends on the load 
applied) decreases as the slope face is approached and lower (smaller) contours move 
upward. This same concept may be applied to a decrease in lateral confining stress as the 
face is approached; this has implications regarding formation of surface cracking.
The model assumes that the soil column outside the left boundary is the same as that 
inside the boundary, and that the surface extends horizontally. This must be the case or 
the contours would deflect upward or downward near the left boundary. On the other 
hand, the record of y-displacement histories for the top of the model indicate a small 
increase in settlement from left to right until the middle of the model (5.25m going to 
5.33m), than a decrease in settlement out to the crest (5.10m). This change probably is 
related to the way the model calculates the incremental loads discussed in the previous 
paragraph. In any case, such small amounts are not of engineering significance on fill 
structures such as those being considered.
Development of Tension Cracks
Background. Tension cracks will form if the minor principal stress (sigma2, 
roughly horizontal; this model uses no sigma3) has a greater tensile value than the tensile 
strength of the material and some displacement of the soil mass occurs. For example, 
plotting the Mohr-Coulomb diagram for a soil with zero major principal stress (vertical),
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and friction angle of 20 degrees and cohesion of 2000 psf, the tensile stress value for the 
soil at failure should be about 2800 psf (1.34 x 105 Pa). This corresponds to the minor 
principal stress when the major principal stress (vertical) is zero and the Mohr circle 
touches the failure envelope. At 2.5m (8.2 ft) the tensile stress at failure would be about 
1.09 x 105 Pa (2275 psf). At a depth 7.5m (24.6 ft) the minor principal stress at failure is 
4.5 x 104 Pa (950 psf) and at 12.5m (41.0 ft) the minor principal stress at failure is 1.34 x 
104 Pa (280 psf). These calculations use a density of 125 psf and the same strength 
parameters as used in the models. Taking the analysis one step more, at 14.1m the minor 
principal stress of the failure circle would be zero. Presumably the failure mode would not 
be in tension for stress conditions and circles to the right of this, and tension cracks would 
not form. Using the above relationships, the minor principal stress values for each 
gridzone may be evaluated to see if they equal or exceed the value for a corresponding 
failure circle.
Results --No Cohesion. The potential formation of tension cracks was analyzed for 
the same model configuration (waste2b), with two different material strength conditions. 
Condition one used no cohesion for the material and a friction angle of 40 degrees initially 
for settlement, then a switch to a friction angle of 20 degrees so the slope would fail.
Such material should not be able to sustain tension, but would fail by developing cracks 
instead. During simulated gravity settlement the analysis shows no development of tensile 
lateral stress (sigma 2) across the top of the model. After reducing the strength of the soil 
so the slope would fail, a zone of tensile minor principal stress about 5m thick developed 
across the top from the left edge to about 50m back from the crest. Tensile values 
averaged 44,000 Pa. Since the material modeled should not sustain this condition (no 
cohesion intercept on the Mohr diagram), this suggests the material would potentially fail 
and tension cracks could form under these conditions. However, being based on a 
continuum, the model could not deal with discontinuities and could only show a zone of
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tensile stress. Since development of tensile stresses is related to failure at the face, one 
may conclude downward and outward movement of the crest leads to development of 
tension in zones with low confining stress near the surface.
Results -- Soil With Cohesion. The strength parameters used for the second 
model (waste2a) were cohesion equal to 2000 psf and friction equal to 20 degrees. This is 
a soil that could in theory sustain tension, as discussed in a previous paragraph. Both after 
settlement and after failure of the model slope there was a zone of tensile stress across the 
top of the model. This time the zone extended from the left side to within 15m of the 
crest and 10m to 15m thick. Of a total of 108 gridzones in the top 15m, 90 zones 
developed tensile minor principal stress and of those 90, 59 had values exceeding the 
failure limits discussed above. This suggests that much of the top 15m (49 ft) would 
potentially be susceptible to development of tension cracks. Since tension developed both 
as a result of settlement and after failure at the face, one may speculate that lateral bulging 
developed in association with settlement may be the cause of the initial tension, followed 
by further development of tension as the face displaces in failure.
Type Two -- Incrementally Built Waste Pile
Slope Stability
As described in a previous section, this model was constructed starting with a 
wedge of material and then adding 7 layers incrementally, with steps to solve at each 
increment. The model used 1000 steps of processing after each increment was added and 
an additional 1200 steps at the end. This process does not reach complete equilibrium 
after each incremental layer, but nearly so. The first condition was one with no cohesion, 
and friction values of 35 degrees used in all zones above the foundation (waste6b). This 
model showed very little displacement within or between the incremental layers but a 
major displacement between the initial wedge and the first increment. The model
produced a maximum displacement of 47 feet in this zone and it is clear the zone had 
failed. Figures G.9. through G.l 1. illustrate the model results. This situation simulates an 
older section of waste dump with new layers added, where material friction angle was 
about the same everywhere, but the older section is more consolidated.
The second condition modeled (waste6c) was similar to the first, except a stronger 
(c}>=40 deg.) initial wedge material was used (to reduce the chance of failure in this zone) 
and a slightly weaker material (<j)=32 deg.) was modeled for the incremental zones.
Figures G. 12. through G. 14. illustrate the model's results. For this condition, there is 
moderate displacement between the incremental layers, almost none in contact with the 
initial wedge, and little within individual layers. The major displacement for this model 
came at the end of the analysis process and involved the last increment. This increment 
shows failure throughout its top and middle sections, especially near the slope face. This 
situation could simulate the addition of relatively weak new material on an older, stronger 
section of waste dump.
Settlement
Settlement for the incremental layer model was monitored at a point in the top 
center of the waste pile, about 500 feet back from the crest. The conditions of settlement 
for this model (waste5) are much more complex than for the previously discussed 
completely built model. Looking at a vertical section below any given monitoring point, 
there are 2 to 5 layers of material below the surface, each representing a different 
incremental layer and material having undergone different degrees of compression. After 
material in a given layer is deposited and compresses, it is covered over by the next layer. 
On a real waste dump the space created by settlement of previous layers is filled first, then 
rock could be thought of as filling up the next incremental layer. Unfortunately, the model 
does not perform both of these steps, but acts like it is just adding the next incremental 
layer (a set thickness) of material. This results in a monitored immediate settlement equal
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to the settlement of the previous layers (about 1.3m), followed by settlement of the whole 
column of material as it adjusts to the new load condition. The settlement recorded by the 
model is correct for the amount of material being added. It's just that the amount of 
material being added is not as great as it should be. Therefore the total weight of the soil 
column as modeled will be less and the total settlement estimated will be less than for a 
field situation.
As successive layers are added to the waste pile, the settlement of the point being 
monitored continues to occur, but the amount of settlement caused by addition of 
successive layers becomes less with each new layer that is added at a greater distance (see 
Figure G. 15.). This is in accordance with the principle of stress distribution discussed in a 
previous section for points near the face of the slope. The total settlement (2.9m) 
recorded for the soil column below the monitoring point, includes about 1.3m in lower 
layers placed prior to the layer on which the monitoring point was located, and about 1,6m 
in the whole column after the placement of that layer (and succeeding layers).
Using the FLAC model this way for settlement evaluation does not consider the 
layer thickness and time allowed for settlement, factors which it would be appropriate to 
consider.
Development of Tension Cracks
For the model (waste6b) with granular soil (no cohesion), no zone of tensile stresses 
developed across the top of the model, and it may be inferred, no tension cracks would 
form under these conditions. The model using a friction angle of 20 degrees and cohesion 
of 2000 psf produced 92 gridzones in tension in the top 15 meters, out of a total of 108 
zones. Of those 92 gridzones, 46 zones had tensile minor principal stress values that 
exceeded the strength at failure as discussed in a previous paragraph. Therefore, these 
zones would probably fail and produce tension cracks, down to a depth of 14 to 15





FINITE ELEMENT ANALYSIS 
FINITE ELEMENT METHOD DEFINED
In studying mine waste slopes, we are concerned with the distribution and 
magnitude of deformations, stresses, and pore water pressures in a slope and how these 
develop in relation to changes in geometry and the application of loads. The finite element 
(FE) method can be used to evaluate these factors in mine waste piles as part of an 
engineering analysis. This section discusses in general terms the features of a finite 
element analysis and how the unknown quantities are determined.
In order to analyze the waste pile, we consider it to be a continuous body that may 
be subdivided or discretized into smaller regions or elements. In the finite element method 
these are called finite elements, and by creating these sub-regions of the larger body it is 
easier to analyze the distribution of displacement and deformation (or some other 
unknown quantity) in the body . In two-dimensional problems, these elements are most 
frequently four sided, although other arrangements are possible. The discretized body 
may be considered to be divided into a mesh, with each element or square of the mesh 
having generally 4 to 8 nodes or points of connection with adjacent elements (one node at 
each corner and one at the middle of each side). In 2-D problems, each node is able to 
move in two directions, or is said to have two degrees o f  freedom. Whether or not the 
node is free to move in one or more of its degrees of freedom is determined by the 
boundary conditions of the problem. In a 2-D problem, a node may be completely free to 
move, fixed in one direction, or fixed in two directions.
The next step is to define the stress-strain or constitutive relations o f the soil in the waste 
pile and foundation. These are essentially mathematical statements of how the soil 
responds or displaces when a force is applied. Most of the simpler constitutive 
relationships in use are based on Hooke's law: a x = Exex , for one dimension or the
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generalized Hooke's law for two or more dimensions. This simple relationship states that 
the stress on a system (e.g. a spring) is equal to a modulus parameter times the system 
displacement. This may also be written F = Kd, which says the force on a system is equal 
to the stiffness (modulus) times the displacement. This is a way of expressing the 
relationship for one member, spring, etc., and is written with scalar quantities. Another 
more specific way of writing Hooke's law, in matrix notation can incorporate multiple 
members in a system:
{F} = [K] {d}
Where {F} is the matrix of all forces acting over all degrees of freedom at the nodal 
points, [K] is the system stiffness matrix, and {d}is the matrix of displacement for the 
nodes (Carr, 1992).
This relationship, because it is based on Hooke's law, assumes that over some 
interval (i.e., increment of strain), the soil response is linear and elastic. As shown in 
Chapters 3 and 4, most mine waste rock does not have a linear stress-strain response over 
the range of pressures present in real structures. The response is a curved or non-linear 
function, as shown in Figure 7.1. by the solid line. Since Hooke s law does not work 
directly with nonlinear materials, we use incremental linear approximations (a sequence of 
short linear line segments) to define the nonlinear function and apply Hooke s law 
individually to each of those. For example, the slope of each segment, 0-1, 1-2, 2-3, etc. 
is taken as:
Stress -f Strain = Tangent Modulus
This is illustrated by the dashed line in Figure 7.1.
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Figure 7.1.
LINEAR APPROXIMATION OF 
NONLINEAR FUNCTION
I f  each segment of this piecewise linear approximation is small, linear elastic 
material parameters may be used to describe the response for that segment. With each 
successive step, or increase in stress, the parameters are revised to reflect the new stress 
state, but remain linear within any given step. The Young's Modulus value, E, is the 
tangent to the curve near the origin. Other tangent moduli are sometimes designated K, 
and may be taken at any other point on the curve. If the curve is expressed as a 
mathematical function, the modulus may be expressed as the first derivative of the function 
at a particular point (Marin, 1993).
Kondner (1963) is credited with proposing use of a hyperbola to represent the 
stress-strain curves of soils, using the equation:
s
C = ------T~a, +bxs
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Some years later, Duncan, et al, (1980) expressed the hyperbolic relationship with 
the equation




where Ej is the initial tangent modulus (initial slope of the stress-strain curve or Young's 
Modulus) and (a l-a3 )uit is the asymptotic (ultimate) value of stress difference. The 
value of (a l-a 3 )uit is always greater than the compressive strength of the soils (see Figure 
7.2.). Duncan uses the stress difference (a l-a3 ) instead of simply the stress since he is 
working with triaxial test data and that parameter is readily available. Other constitutive 
relationships use more complex formulations for the plastic response of a soil. However, 
without adequate laboratory test data to define these formulations, it is difficult or 
impossible to apply them to models.
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Figure 7.2.
HYPERBOLIC STRESS-STRAIN CURVE 
(Duncan, et al., 1980)
In the finite element (FE) method, this formulation of force, stiffness, and 
displacement is written for each element and then combined by matrix addition to form an 
equation for the response of the whole system. In this process the boundary conditions or 
physical constraints on the system are considered and become represented by entries in the 
final matrix equation. For soil stability and deformation problems, the applied force and 
material stiffness must be known quantities, and displacement is the unknown.
In the next step, the matrix equation is solved for the unknowns (in this case, 
displacement). This step is generally performed by a computer program, because of the 
difficulty involved in solving large matrix equations. Having solved for displacement,
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strains are determined for the nodes of the system {e} = [B] {5} where [B] is the strain 
displacement matrix for nodal coordinates. The internal stresses can then be defined by 
the relation {a} = [D][B]{5} where [D] is the constitutive matrix. If the problem is 
being solved incrementally (small steps, simulating a construction process, for example) 
the above procedure is repeated for each increment. A generalized list of the steps 
involved is as follows:
Step 1. Evaluate material properties
Step 2. Define problem geometry and sequence of incremental steps 
Step 3. Mesh Generation — define quadrilateral elements and nodes 
Step 4. Set initial stresses for new layer or set stress to equal accumulated stress from 
previous layers of construction 
Step 5. Add loads due to body forces 
Step 6 . Add loads due to surface traction or point loads
Step 7. Continue, Steps 5 & 6  may be subdivided into smaller incremental increases 
and applied sequentially if this helps accuracy 
Step 8 . All accumulated stresses are combined to equal the new initial stress 
Step 9. Elastic-plastic properties of each element are determined based on the above 
accumulated stress and material stress-strain properties found in Step 1, 
from this obtain the stiffness matrix for each individual element 
Step 10. Combine element matrices by matrix addition to form the stiffness matrix for 
complete structure
Step 11. Determine the displacement of each element from the relation 
(force) = (stiffness) x (displacement), Hooke's Law 
Step 12. Repeat for sub-increments of load and major incremental additions 
Step 13. At completion, horizontal and vertical stresses, strains, and displacements 
will have been determined
GENERAL DISCUSSION
There are many useful and tested methods for stability analysis of slopes, some of 
which were discussed in Chapter 5. The FE method is also used for evaluation of overall 
stability, as are limit equilibrium methods, but because of the effort and expense involved 
in FE analyses, this use is less common. When it comes to deformation of slopes, and a 
realistic representation of the stress-strain behavior of the soils involved, the finite
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element method has proven to be the most versatile and to produce the most accurate 
results. Since about 1960 when the FE method was introduced to the geotechnical 
profession by Clough (1960), it has been used for a variety of applications (Duncan,
1992):
• Calculate stresses, movements and pressures in embankments and slopes
• Analyses of conditions during and following construction, such as pore pressure
changes, swelling, and consolidation
• Evaluation of likelihood of cracking, hydraulic fracture, local and general failure
Because it is a very general method, it can model such conditions as nonlinear 
stress-strain behavior, non-homogeneous soils, and changes in geometry during 
construction or excavation. One important consideration in the ability of the method to 
deal with such conditions is the use of incremental steps in the analysis. The overall 
problem is broken down into a sequence of steps, such as construction of various layers in 
an embankment. The geometric aspect of the problem is handled by adding more elements 
to the mesh for each increment, while non-linear or stress-dependent soil behavior is 
handled by changing the stiffness assigned to the elements during each increment or sub­
increment o f the analysis (Duncan, 1992). See the previous discussion of hyperbolic 
stress-strain curves.
What types of information are necessary to perform a FE analysis? This depends 
somewhat on the conditions of the problem, but in general, the following are needed.
Initial Stress Conditions -  The vertical stresses, usually designated as the unit 
weight o f the material times the depth; the lateral stresses, often estimated as the at-rest 
earth pressure, kQ, times the vertical overburden stress. These are needed since the
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incremental stresses from each step are added to the initial stresses and because in many 
models the soil stiffness and strength are stress-dependent.
Stress-Strain Properties Of The Soil — A variety of relationships have been 
developed to model soil behavior, including linear-elastic, non-linear elastic, elastic-plastic, 
fully plastic, and others. Each of these has advantages and shortcomings relating to the 
accuracy with which they simulate the behavior of real soils, their difficulty of application, 
and the type of lab testing data needed to develop the model .
Problem Geometry And Boundary Conditions -- To be realistic, a FE analysis must 
consider the processes and conditions involved in formation of a slope, and the overall and 
incremental geometry of the problem.
There are many excellent general texts available that discuss at length the theoretical 
basis for finite element analysis (Desai and Christian, 1977; Desai, 1979; Naylor and 
Pande, 1981; Zienkiewicz, 1977). Likewise the geotechnical applications of the method, 
especially for slope or embankment deformation are extremely well documented in the 
literature. At the 1992 ASCE conference on Stability and Performance of Slopes and 
Embankments-II, Professor Michael Duncan of Virginia Tech presented a paper titled 
"State-Of-The-Art: Static Stability and Deformation Analysis". The published version of 
this paper (Duncan, 1992) contains an exhaustive list of books and periodical articles 
dealing with all aspects of finite element analysis for slopes and embankments.
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USING COMPUTER PROGRAM FEDAM84
Because of its availability at UNR and its suitability for the purpose of studying 
stability and deformation in waste piles, the program FEADAM84 was chosen for use in 
this study. According to the manual (Duncan et al., 1984) that accompanies the program:
"FEADAM84 is an incremental finite element program for two-dimensional plane 
strain analysis of earth and rockfill dams and slopes. It calculates the stresses, strains, 
and displacements due to incremental embankment construction and/or load 
application. The non-linear and stress history dependent stress-strain and volumetric 
strain properties of soils are approximated using a hyperbolic model developed by 
Duncan, Byrne, Wong, and Mabry (1980), as modified by Seed and Duncan (1984)."
This quote and further reading in the manual show that key points about modeling 
with this program are as follows:
• The model is 2-D, plane strain
• It operates incrementally, so construction of the waste pile can be modeled
• The non-linear stress-strain response and stress history dependency of soils
are recognized and the modulus values used to model the soil are re-evaluated 
each increment
• A hyperbolic stress-strain relationship is used
• Unloading and reloading of the system may be modeled
DISCUSSION OF INPUT PARAMETERS
The parameters needed to perform finite element analyses using FEDAM84 depend 
on whether one chooses to model linear elastic or non-linear, hyperbolic soil behavior.
For linear elastic soil relationships, only an elastic modulus, E, and a bulk modulus, B, are 
required. For non-linear, hyperbolic soil relationships, nine parameters are required. The 
parameters are listed in Table 7.1 below. They are derived from conventional triaxial
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compression tests with analysis of the results following a procedure described in detail in 
Duncan, et al. (1980).
Table 7.1
Summary Of Hyperbolic Parameters 
(After Duncan et al., 1980)
PARAMETER DESCRIPTION
Friction Angle, phi Initial friction angle, ([>n taken at 1 atmosphere pressure
Delta Phi (A(J>) Reduction in friction angle for 10-fold increase in a  3
c Cohesion intercept
K Modulus number
Kur Unloading modulus number (not used in this study)
n Modulus exponent
R f Failure ratio
Kb Bulk modulus number
m Bulk modulus exponent
The friction angle, reduction in friction angle, and cohesion intercept are parameters 
that could be derived from the direct shear tests performed for this study. Unfortunately, 
the remaining data really require triaxial test data for their development. Since no facilities 
for such testing are currently available at UNR and in any case the cost of performing 
such tests would be high, this type of data is unavailable for the mine waste samples 
studied in this project. Thanks to the work of Dr. Duncan and his associates, triaxial data 
from many sources has been analyzed and the required hyperbolic stress-strain and 
strength parameters tabulated (Duncan et al., 1980, Tables 5 and 6 ). Twenty-one of the 
samples included in Duncan's Table 5 (soils tested drained) have been extracted and 
summarized in Table 7.2 below. These are generally for the coarser materials listed in the 
his table, data for fine sands, silts, and clays is not summarized in Table 7.2.
Duncan's table includes much more information than presented in Table 7.2, 
including the original sources of the test data. His Table 6  presents data from 
unconsolidated-undrained test and will not be used in this study. Values for cohesion are
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zero for all samples except the clayey gravel, which has a c = 0.28 tsf. Values for Kur are 
generally not available from the sources used to compile Duncan's tables. According to 
him, the Kur/K ratio varies from about 1.2 for stiff (dense) soil to about 3 for loose soils 
with low stiffness. A value of 2.0 will be used for the analyses in this study (my estimate).
At the bottom of Table 7.2 an entry has been made for "conservative values" of a 
gravel soil or rockfill material (classified GW or GP). These values are from Table 7 in 
the paper by Duncan et al., (1980) and represent his interpretation of conservative values 
in the sense that they are from the low end of the range for strength and modulus. In light 
of the Kur/K ratio of 2.0 for a moderately dense soil (estimated above), the Kur value for 
this material is estimated at 1200. These values will be used to model the mine waste soils 
in the finite element analyses for this study. Other recent publications dealing with the 
issue of hyperbolic parameters are Boscardin, et al. (1990), Marin, et al.(l 993), and 
Poonawala, et al. (1993). Unfortunately these research studies do not present new 
information regarding gravely soils or mine waste materials such as those studied for this 
project.
Table 7.2
Stress-Strain and Strength Parameters 
(Summarized from Duncan et al., 1980)
SOIL SOIL PARTICLE FRICTION DELTA K n Rf Kb m
TYPE DESCRIPTION SHAPE ANGLE PHI
G W C o n g lo m era te  R o ck fill Sub-angu lar 50 10 5 4 0 0 .4 3 0 .6 4 135 0 .3 4
G W G ran itic  G n eiss  R o ck fill Sub -an gu lar 44 9 2 1 0 0 .5 1 0 .6 4 100 0 .3 4
G W Q u artzite  R o ck fill Sub-rounded 49 6 5 6 0 0 .4 8 0 .6 5 3 3 0 0 .33
G W Q u artzite  R o ck fill Sub-rounded 53 7 9 5 0 0 .5 2 0 .4 9 4 7 0 0 .5 2
G W Furnas D am  T ra n sitio n Sub-rounded 50 7 6 9 0 0 .5 7 0.51 3 6 0 0 .5 7
G W P in za n d a p a n  G ravel Sub-rounded 51 9 6 9 0 0 .4 5 0 .5 9 170 0 .2 2
G W D io ritc  R ock fill A n gu lar 4 6 9 3 4 0 0 .2 8 0 .71 52 0 .1 8
GP San d y  G ravel Sub-angu lar 41 3 4 2 0 0 .5 0 .7 8 125 0 .4 6
GP B asa lt R ock fill A n gu lar 52 10 4 5 0 0 .3 7 0.61 2 2 5 0 .1 8
GP S ilty  Sandy G ravel R ounded 53 8 1300 0 .4 0 .7 2 9 0 0 0 .2 2
GP A m p h ib o lite  G ravel R ounded 51 6 1780 0 .3 9 0 .6 7 1300 0 .1 6
GP C rushed  B asalt A ngu lar 51 14 4 1 0 0 .21 0 .71 195 0
GP S an d y  G ravel R ounded 58 10 2 5 0 0 0 .2 1 0 .7 5 1400 0
G C C layey  G ravel R ounded  (?) 19 (?) 99 0 .7 0 .8 6 45 0
SW A rg ilitc  R ockfill A n gu lar 53 9 1600 0 .0 8 0 .7 2 6 0 0 0
sw C rushed  B asalt A n gu lar 55 10 1000 0 .2 2 0 .7 3 9 0 0 .1 4
SW S ilty  G ravely  Sand Sub-rounded 3 3 2 6 0 0 .5 0 .7 6 100 0 .5
SW V en ato  S an d stone A n gu lar 43 4 3 3 0 0 .4 6 0 .51 110 0 .4 6
SP G la c ia l Sand Sub-rounded 44 4 190 0 .7 0 .5 7 190 0 .3 5
SP R ound B u tte  Sand A n gu lar 39 6 2 8 0 0 .3 7 0.71 95 0.21
SP S ilty  G ravely  Sand Sub-angu lar 41 0 530 0.51 0 .6 2 6 4 0 0
GTW/GP Conservative Parameters 4 2 9 wmm 0 .4 0 .7 175 0 .2
For Gravel Soil/RnckfUL
PRACTICAL ASPECTS OF USING FEADAM84 
Description of FEADAM84 Input File
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Information of the following types is required in the input file for FEADAM84. 
Details of the format and content of this file require use of the program manual (Duncan et 
al., 1984). More than one line in the input file may be used for the information in the 
following headings. Potential users should be aware that other types of information may 
be required, besides that listed below, if different conditions are being modeled. An 
example of an input file for the model discussed below is presented in Appendix H. 
Title/Heading
The input file begins with a title/heading card, used in this study to identify the type 
of file and file name.
Control Information
Contains information regarding the number of element and nodal points in the 
model's structure and foundation. Also, information about the number of different 
materials and construction (incremental) layers, as well as for which layers the user wants 
printed information. The units to be used are controlled by use of the atmospheric 
pressure parameter (value = 2.116) which in this case designates use of feet, kips/fU for 
density, and kips/ft2 for stress.
Materials Properties Information
Contains information on the unit weight and hyperbolic parameters (constitutive 
properties) of the soil or rock units designated for each specific section of the model (see 
previous discussion). Also contains information about cohesion, friction angle, and 
coefficient of lateral earth pressure at rest.
Nodal Point and Boundary Conditions
The x- and y-coordinates of each nodal point must be defined for the model. At the 
same time, the boundary conditions are defined for each point. This is represented by a
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"0" if a point is free to move and a "1" if the point is fixed. One such code is given for 
freedom in the x-direction, and one for freedom in the y-direction. If nodal points lie on a 
straight line, are equally spaced, and have the same boundary conditions, only the 
parameters for the end points need be given, and the program will calculate intermediate 
coordinates and point numbers.
Grid Element Information
Each element of the grid must be defined by the specific nodal points located at its 
corners. The material number to be modeled for each element is also given. As with the 
nodal point information, if elements lie on a straight line and have the same material, end 
elements may be given and the program will calculate the nodal point numbers for 
intermediate elements.
Construction Laver Information
The elements and nodal points involved in each construction or incrementally added 
layer must be defined. The nodal points present on the surface of newly placed material 
(layers) are defined.
Description of FEADAM84 Output File
The output files for FEADAM84 are rather lengthy, depending on the number of 
layers for which information is requested. Appendix H contains a few pages of an 
example output file for the model discussed below. If information for several layers is 
requested, the file is several hundred pages long. For this presentation in Appendix H, 
information for only the final (40th) layer was requested. The original file for this was still 
about 90 pages. By reorganizing and placing material in multiple columns on a single 
page, the length was condensed to about 60 pages, from which examples o f each major 
section are presented. It is for this reason that only one example output file was included
156
Summary of Control and Materials Information
Control and model information, and material parameters are summarized at the 
beginning of the output file.
Nodal Point, Element, and Laver Information
Coordinates and boundary conditions are given for each nodal point. Center 
coordinates and defining nodal points are given for each element. Unlike the input file, 
these sections include every point and element, so all of the interpolated or calculated 
coordinates are given for the user. Information on the equations used to calculate the 
matrix for the finite element model is presented. Construction layer information is 
summarized, as given in the input file.
Initial Values In Elements
The starting coordinates, elastic and bulk moduli and stresses are given for each 
element. These are the values at the time of placement for each element/layer in the waste 
pile model. Since each layer is placed individually and in parallel, the moduli and stress 
values simply repeat for each layer. This information and that for nodal points, elements, 
and layers is produced at the beginning of each output file (one time).
Laver Information and Nodal Point Displacements
Information on the elements and weights of each construction layer are presented. 
Following the addition of each increment or layer, the program calculates the 
displacements associated with these added loads. For each layer that is added, the 
incremental displacements and cumulative displacements are given at each nodal point. 
Information given for the newly placed elements, in this case located at the end of the 
section, shows zeros for incremental and cumulative displacements.
herein, although many files were generated. The entire output file may be reproduced by
running the input file with FEADAM84.
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Stress-Strain Parameters
Each time a layer is added, the program calculates principal and the x- and y- strains 
for each element. Because the model uses stress-dependent values for Poissons ratio, and 
the elastic and bulk moduli, these are calculated and presented for each element. 
Volumetric strain is also presented. The moduli values are adjusted by the program for 
elements that have failed and may look unusual for this reason.
Stresses and Stress Level Information
The x- and y-stresses, principle normal stresses, shear stresses, and some stress 
ratios are presented for each element. The stress level is given, indicating how near to 
failure an element may be. In the SLPRES column, a value o f -1.00 indicates failure in 
tension, while a value o f+1.00 indicates failure in shear. Fractional values near 1.00 
indicate the element is near shear failure, while low fractional values indicate the element is 
not near failure. Values of theta (0) given in the table indicate the amount of rotation of 
the principle stress axes, and the ratio of principle stresses (G1/G3 ) is indicative of the size 
of the Mohr circle; these may both be used as an indication of shear failure if sufficiently 
large. The presence of negative values of minor principle stress (G3 )  indicate the potential 
for failure of an element in tension. If the user looks at the rotation of principle axes for 
failed or near failure elements and plots the shear surface for each such element, the trend 
of a failure surface or zone may be defined on a grid. Factor of safety may be evaluated 
by comparing the shear strength to the shear stresses present in these elements. This is a 
somewhat tedious procedure, but may be expedited by transferring information from the 
output file to a spreadsheet for processing. Because the model used for the present study 
generally failed (or was near to failure) in each incremental layer, not in deeper circular 
failure, this procedure was not performed.
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The above information is available for the model after each increment is added.
That is to say, the information is calculated following each layer, but is not printed to the 
output file unless specifically requested.
MODEL-SPECIFIC INFORMATION
A number of model configurations were tried for the present study. Early models 
were too small (the grids too coarse) to represent a large waste pile and allow 
determination o f stresses, failure zones, etc. in such a way that one could accurately tell 
where information was applicable. On the other hand, because of the way in which 
information must be input to the model, a grid and sequence of incremental steps that is 
complicated becomes very difficult to work with. The model that was finally selected is 
intended to simulate addition of material to a waste dump by tipping at the top of a long, 
high fill slope, with thin incremental layers. All the layers are inclined at about 37 degrees 
from the horizontal and about 15 feet thick (measured perpendicular to the slope). The 
model incorporates 544 element, 561 nodal points, and 40 construction layers. The fill is 
modeled as being built on an incompressible foundation and the first 16 layers, starting in 
the lower left corner, are modeled as a stronger material than the remainder of the model. 
This was done to assure the model would not fail before the full slope height was attained 
and layers started to build out at full height. The model simulates a slope j 00 feet high 
(vertical measurement) on a 1000 foot base. One may argue that the number of repeated 
layers and the length of the model is excessive. This is probably the case for evaluation of 
only slope stability. However, it was felt that to look at settlement and cracking problems 
in the middle of the model, a long model with many layers would be best. Figure 7.3. 
presents a summary of the main features in the model.
Building construction layers on an steep slope is a significant departure from the 
way in which most engineered fill are constructed, say for road embankments or earthfill
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dams. When Duncan and his associates developed FEADAM84 and its earlier versions, it 
seems apparent they had in mind using nearly horizontal layers. All their examples are such 
and it is evident to a user that setting up a model is much easier if the layers are horizontal. 
In large part this is because of the need to define nodal coordinates, element comers, and 
the makeup o f each construction layer for the input file. If the model is large (many 
elements) or the layers non-horizontal, it is time consuming to develop the input file. For 
the model used in the present study, a spreadsheet was used to develop the input file. This 
was expedient because once the full slope height was reached (built with initial layers), 
layers 17 through 40 repeat an identical pattern and the coordinate values, nodal numbers, 




Two factors seriously affect the mode of failure in the slope modeled for this study. 
First, is the way in which thin construction layers are added on a moderately steep slope. 
Second, is the material parameters chosen for the model. As shown in Chapter 5 for limit 
equilibrium analysis using XSTABL and in Chapter 6  for finite difference models using 
FLAC, slopes in granular soil tend to fail in relatively thin slivers near the slope face, often 
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FEADAM84 finite element model as developed for this study. As shown by the 
laboratory testing results, waste pile gravels may be interpreted as having stress-dependent 
frictional strength and stiffness. FEADAM84 does a good job of representing these facets 
of material behavior. Newly placed layers have low confining stress, hence are higher in 
initial frictional strength and lower in stiffness than more deeply buried layers.
By making changes in the frictional strength of the material, a number o f runs may 
be made rather quickly to see which values cause no, slight, or extensive failure. If the 
objective is to model what is observed in the field in terms of failure, one will try to 
produce a slight to moderate amount of displacement in the near-surface layers, without a 
major displacement. This is repeated for each layer. It is best to keep in mind that this 
finite element model is based on a continuum, and once significant discontinuities or 
displaced failure surfaces develop, the model is no longer valid.
The value of phi input for the material is for one atmosphere (14.7 psi) confining 
pressure (see figures in Appendix C and Table 4.4). This corresponds to approximately 15 
feet o f soil cover and in terms of the model, is the lower part of the newly placed layer. 
This is also about where one would expect these granular soils to fail, based on 
experience. The initial value used was 44 degrees (model 1A44.DAT in Appendix H).
This decreases by 9 degrees for each 10-fold increase in confining pressure, so by the time 
a cover depth of 150 feet is reached (one-half model height) the friction angle is reduced 
to 37 degrees. This value was found to produce a "slight" amount of failure in each layer 
(engineering judgment). The failure location was near the top of the layer (highest portion 
of the model). The model is very sensitive to the phi angle, and a 2-degree decrease from 
the 4 4 -degree value causes major displacements to occur (model collapses).
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Interpretation Of Model Output
This section presents a discussion of the FE output file, portions of which are shown 
in Appendix H  and in Table 7.3 below for two incremental layers 36 and 37, located about
1 0 0  feet in from the face.
Table 7.3.
EXAMPLE -  STRESSES AND STRESS LEVELS
SL- SL-
ELE <*x CTy Txy <*1 ct3 tmax 0 a
460 -.527 .234 -.076 .242 -.534 .388 -5.620
461 .563 2.392 -.117 2.399 .556 .922 -3.659
462 .674 4.796 -1.325 5.185 .285 2.450 -16.368
463 1.319 8.608 .442 8.635 1.292 3.671 3.456
464 1.592 8.861 .458 8.889 1.563 3.663 3.588
465 2.208 10.061 -.923 10.168 2.101 4.033 -6.614
466 2.999 8.336 -1.912 8.950 2.385 3.283 -17.809
467 3.812 15.566 -1.700 15.807 3.572 6.117 -8.065
468 1.454 10.475 -2.465 11.105 .825 5.140 -14.326
469 1.091 9.550 -.922 9.649 .991 4.329 -6.151
470 4.002 13.760 -1.678 14.040 3.722 5.159 -9.489
471 2.679 10.912 -2.547 11.637 1.955 4.841 -15.872
472 4.086 13.364 -2.400 13.948 3.502 5.223 -13.675
473 4.669 12.594 -3.047 13.630 3.633 4.999 -18.781
474 4.149 11.425 -3.028 12.520 3.054 4.733 -19.885
475 9.157 18.309 -3.805 19.684 7.782 5.951 -19.870
476 1.673 4.519 -3.129 6.534 -.341 3.438 -32.774
477 -.294 .913 -.225 .953 -.335 .644 -10.231
478 .492 1.766 -.382 1.872 .386 .743 - 15.473
479 .784 5.812 .006 5.812 .784 2.514 .073
480 2.306 7.326 -1.680 7.837 1.796 3.020 -16.898
481 2.919 10.360 -.673 10.421 2.858 3.781 -5.124
482 1.252 6.510 -.674 6.595 1.167 2.714 -7.186
483 1.525 6.773 -.326 6.794 1.505 2.644 -3.541
484 2.542 10.921 -2.192 11.460 2.003 4.728 -13.811
485 1.743 7.221 -1.938 7.837 1.127 3.355 -17.640
486 1.600 11.424 -1.355 11.608 1.417 5.095 -7.713
487 3.260 9.504 -2.129 10.161 2.603 3.779 -17.144
488 2.774 10.500 -2.561 11.272 2.003 4.635 -16.769
489 3.264 9.889 -2.107 10.502 2.651 3.926 -16.231
490 3.530 9.531 -2.361 10.349 2.712 3.818 -19.101
491 3.529 9.274 -2.474 10.192 2.610 3.791 -20.368
492 7.323 13.651 -3.053 14.884 6.090 4.397 -21.986
493 1.593 4.511 -3.158 6.531 -.427 3.479 -32.604
Tjy/O'y CRIT PRES ELE
-.452 -.323 .000 -■1.000 460 (top)
4.318 -.049 .640 .532 461
18.217 -.276 1.024 1.000 462
6.682 .051 1.000 1.000 463
5.686 .052 .960 .960 464
4.840 -.092 .842 .842 465
3.753 -.229 .678 .622 466
4.426 -.109 .849 .849 467
13.465 -.235 1.063 1.000 468
9.733 -.097 1.000 1.000 469
3.772 -.122 .694 .694 470
5.953 -.233 1.000 1.000 471
3.983 -.180 .736 .736 472
3.752 -.242 .685 .685 473
4.100 -.265 .741 .741 474
2.530 -.208 .453 .453 475
-19.136 -.692 .000 -1.000 476 (base)
-2.845 -.247 .000 -1.000 477 (top)
4.851 -.216 .565 .565 478
7.416 .001 1.000 1.000 479
4.364 -.229 .712 .712 480
3.646 -.065 .629 .623 481
5.650 -.103 .890 .890 482
4.514 -.048 .778 .714 483
5.720 -.201 1.000 1.000 484
6.956 -.268 1.000 1.000 485
8.192 -.119 1.000 1.000 486
3.903 -.224 .669 .669 487
5.629 -.244 1.000 1.000 488
3.962 -.213 .686 .686 489
3.815 -.248 .655 .655 490
3.905 -.267 .670 .670 491
2.444 -.224 .404 .404 492
-15.311 -.700 .000 -1.000 493 (base)
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In Table 7.3 the stresses are in kips/sq. ft. Please see the section in this chapter 
Description of FEADAM84 Output File for the meaning of terms in this table. As 
indicated in the previous descriptive section, the value of SLPRES indicates tensile failure 
in the element if equal to -1.000 and shear failure if equal to +1.000. Failure does not 
necessarily indicate the element has displaced an excessive amount (it may be supported 
by adjacent elements) but means the stresses present in the element exceed the strength of 
the soil at that location. Elements 460 and 477 at the surface have failed in tension, the 
minor principle stress is negative, and the SLPRES value is -1.000. Element 476 at the 
base has also failed in tension, presumably because the nodes at the base are fixed in the 
model and no strain is allowed. Several other elements in both layers have failed in shear 
(SLPRES = 1.00), notably, near the top and middle of the layers. To make a 
generalization, in this model, the top 2 to 3 layers of elements have failed in tension or 
shear, the base has failed in tension, and several elements in the middle o f each layer have 
failed in shear. Looking at Table 7.4, the three rows of nodes that define the two element 
layers for which information is given in Table 7.3 may be used to determine the 
displacements of each element. Without trying to explain the nodal point numbering 
scheme, the important thing to notice is that in the X-DISP and Y-DISP columns 
(cumulative displacements for the nodal points), there is a definite downward (negative y) 
and outward (positive x) displacement of all nodal points except those in the fixed bottom 
row. This results in tensile failure in near surface elements under little confining stress, 
and shear failure in some deeper, more confined elements.
Table 7.4
EXAMPLE -  NODAL POINT 
DISPLACEMENTS 
(Displacements in feet)
NODAL ROW 36 NODAL ROW 37 NODAL ROW 38
N P  A-X A-Y X -D IS P  V -D IS P  T O T A L  N P
460 .1194 .0102 1.2247 -.9042 1.5224 460
461 .0984  -.0080 .4600 -1.7580 1.8172 461
462 .1243 -.0294 .4223 -1.7175 1.7686 462
463 .0662 -.0932 .8320 -3.0179 3.1305 463
464 -.1045 -.1413 6 .2056 -11.9368 13.4535 464
465 -.0370 -.1198 3.0483 -2.0596 3.6789 465
466 -.0760 -.3731 1.1091 -3.4404 3.6148 466
467 .1086 -.2049 1.5400 -1.9546 2.4883 467
468 .1078 -.1570 1.3548 -1.7574 2.2190 468
469 .1077 -.1698 1.2692 -1.5996 2 .0419 469
470 .0627 -.2746 1.0249 -1 .2476 1.6146 470
471 .0648 -.2171 .9074 -1.0792 1.4100 471
472 .0736 -.1239 .7946 -.8617 1.1721 472
473 .0617 -.1239 .6325 -.6655 .9181 473
474 .0564 -.0634 .3896 -.4496 .5949 474
475 .0349 -.0570 .2187 -.2903 .3634 475
476 .0000 .0000 .0000 .0000 .0000 476
N P A-X A-Y X -D IS P  Y -D IS P T O T A L  N P N P A-X A-Y X -D IS P  Y -D IS P T O T A L N P
477 .2978 -.1250 1.2744 -.9833 1.6096 477 494 .6624 -.2886 2.7162 -1.6278 3.1666 494
478 .1751 -.0284 .6970 -.8467 1.0967 478 495 .4029 -.1122 3.8484 -5 .8167 6.9745 495
479 .1335 -.1020 .1051 -1.9547 1.9575 479 496 .1708 -.3913 2.0084 -2 .4208 3.1455 496
480 .0653 -.3677 .2370 -2.8215 2.8314 480 497 .0882 -.6176 .8161 -4.8174 4.8860 497
481 -.1375 -.6004 .3727  -2.7382 2 .7634 481 498 -.0407 -.8436 1.3635 -2.9497 3.2496 498
482 -.3061 -.6562 -.0827  -3.3074 3.3084 482 499 -.2665 -1.1350 .1792 -2.7559 2.7617 499
483 .0800 -.2121 .7761 -1.7772 1.9392 483 500 .4222 -.5438 1.3545 -1.6811 2.1588 500
484 .1711 -.2626 1.0969 -1.4303 1.8025 484 501 .3286 -.1925 1.2927 -1.1009 1.6979 501
485 .2406 -.1857 1.0208 -1.4290 1.7562 485 502 .1853 -.3923 .8801 -1.3374 1.6010 502
486 .1225 -.3028 .9918 -1.3896 1.7072 486 503 .1666 -.3784 .8992 -1.0821 1.4070 503
487 .1292 -.3478 .9922 -1.1294 1.5034 487 504 .1636 -.3071 .8501 -.8951 1.2345 504
488 .1300 -.2408 .8088 -.9534 1.2502 488 505 .1691 -.2174 .6833 -.7433 1.0096 505
489 .1316 -.1601 .7735 -.7421 1.0719 489 506 .1657 -.1603 .6773 -.5707 .8857 506
490 .0856 -.1119 .5871 -.5574 .8096 490 507 .1142 -.1149 .5158 -.4462 .6820 507
491 .0677 -.0669 .3600 -.3822 .5250 491 508 .0761 -.0778 .3109 -.3161 .4433 508
492 .0405 -.0670 .1854 -.2424 .3052 492 509 .0455 -.0767 .1452 -.1786 .2302 509
493 .0000 .0000 .0000 .0000 .0000 493 510 .0000 .0000 .0000 .0000 .0000 510
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Because of the tensile failures at the top (for conditions modeled), one may predict 
the formation of tension cracks is possible. In fact, cracks do exist in the field and this 
may be one explanation for their development.
Failure on newly placed and recently placed model layers, especially near the crest, 
produces top surface steps of several inches to a few feet near the crest. This type of 
situation may be what was observed at Candelaria Mine. These features are probably 
obliterated at an active mine site, but may reappear after some time due to continuing 
failures along the same surfaces.
Cracking Potential
Use of Stress or Strain to Evaluate Cracking
This section begins with a discussion of a study done for embankment dams that 
may have application to mine waste dumps. Lefebvre and Duncan (1974) have discussed 
the use o f stress and strain in embankment dams to predict cracking. Their work is 
summarized below in order to illustrate typical stress and strain conditions in an 
engineered fill. This will be contrasted with the stress-strain conditions in a waste pile fill. 
Figure 7.4 is based on their Figure 1 and indicates the stress path (top) and strain path 
(bottom) for a typical soil element from initial placement through complete settlement of 
the embankment. This soil element is located over a sloping foundation and the fill 
thickness will be greater to one side than the other. Engineered fill overlying the soil 
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C' - Final 
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Figure 7.4.
EMBANKMENT STRESSES AND STRAINS
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In the both parts of the figure, point A represents the stress or strain conditions of 
the soil element immediately after placement (ignoring stresses that may be built in by the 
process o f compaction). With burial under successive layers, the stress condition moves 
to point B with an increase in both horizontal and vertical compressive stresses, and the 
strain condition increases with only vertical compression. Point B represents the end of 
construction, after which the vertical load does not increase. Because of settlement which 
occurs to a greater extent on one side of the soil element than the other, lateral extensional 
strain occurs, moving the element to point C and developing tensile stresses. The stresses 
at C are, however, still compressive. With further settlement, the strain condition moves 
to C' with additional extension. The strain condition moves from compressive lateral 
stress to tension at point C.
The thing to notice about the above example is that in this type of engineered fill 
extensional strain may be present even though the conditions are compressive for both 
vertical and horizontal stresses (e.g. point C and part way to point C ). For a deeply 
buried soil element, this makes strain a poor indicator of the presence or absence of 
tension and cracking potential; in this situation, stress is a much better indicator. For 
shallow soil elements, near the top of a fill, where initial stresses are small, both stress and 
strain are probably equally good for predicting tension cracks. Here, almost any 
extensional strain will cause lateral tensile stresses to develop. This is fortunate, since 
surface displacements and strains are easy to measure compared to stresses. Of course, 
the placement conditions and settlement in a mine waste pile are variable and often 
different than those for an engineered embankment dam, but it seems reasonable to extend 
the above reasoning to waste piles when conditions are similar to those used by Lefebvre
and Duncan.
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Evaluation of Stress and Strain Using Finite Element Model
How does a mine waste pile differ from the engineered fill discussed by Lefebvre 
and Duncan, and what can be said about use of stress or strain to predict cracking? To 
evaluate these questions, the FE model (1A44.DAT) was run with output for layers 28,
29, 30, 31, 32, 34, 36, 38, and 40. This is similar to the parts of the file presented in 
Appendix H, except it requests the output of data for 9 incremental layers, not 1. Element 
335, located about 430 feet back from the toe and 100 feet above the foundation was 
selected to evaluate the stress and strain conditions. The waste pile strength was set at an 
initial friction angle of 48 degrees to minimized large failures in the model. Figure 7.5 
show the stress conditions for element 335. It would be nice to include the data print out 




STRESSES FOR FE MODEL ELEMENT 335
(kips/ft^)
This looks essentially like the section of Lefebvre and Duncan's diagram from points 
A to B. Unfortunately, the model cannot deal with the long-term settlement that may 
occur after the fill reaches full height, but only works with the compression in response to 
immediate loads. As it was set up, we don't know if in the long-term, tensile stress would 
develop in this element. The values for strain, presented in Figure 7.6 show a very 







STRAINS FOR FE MODEL ELEMENT 335
For element 335 we see that vertical strain steadily increases as new layers are 
incrementally added (as expected) until the last couple of layers (which do not overlie 
element 335) are constructed. However, the lateral strain is all extensional. Looking at 
the displacements of this element, there is a movement toward the slope face, down and 
out, from the time it is placed until the last layer is constructed. Also, elements at the 
same elevation displace a greater amount, the closer they are to the face for each 
incremental layer added. This doesn't show up well on the strain path figure, but is easily
seen in the data for displacement of all elements.
Because the new layers are added on an angle-of-repose slope, there is a constant 
small displacement and extensional (lateral) strain in the mid-fill elements, even though the
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lateral stresses are consistently compressive. The situation of the elements at the top of 
the model is different. These elements show compressive stress initially, then the lateral 
stress becomes tensile after one or more additional layers are placed outside the element. 
These elements have not developed a large amount of lateral compressive stress as would 
a deeper element. With the lateral displacement of the top/outside elements, top elements 
behind the crest are placed in tension and according to the model, fail in tension.
Evaluation of Settlement
With the model, as it was used here, it is difficult to evaluate settlement. The model 
calculates deflection of the waste pile as a result of imposing an incremental load (new 
layer). It does not evaluate long-term compression or creep, but assumes all the 
displacement is immediate. This obviously does not correspond to the field condition and 
actual behavior of the material, but can't be helped with this model. This is one problem 
with using FEADAM84 for settlement calculation.
Another consideration regarding settlement is the incremental nature of the model 
and the fact that layers are added on a slope. Looking at an individual nodal point or 
element in the top row of the model, perhaps 150 feet back from the final face, by the time 
that element is placed there are 16 layers of construction in a column vertically below the 
element. Imagine the element existing in space, level with the top surface of the waste pile 
but 400 feet horizontally out in space from the crest. At this time the bottom layer of the 
vertical column below the element is just being placed. As the slope builds out toward the 
element, 16 layers are placed on the slope, until finally the 17th layer brings the ground 
surface to the element (the ground at the element gets constructed). As each of these 16 
layers below our 17th element are built, the model calculates the displacements, establishes 
a new location for each element, and may be thought of as simulating incremental 
settlement of the waste pile. When our element is put in place, almost 95 percent of the
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slope material below it has already adjusted to its self-weight. The addition of the 17th 
layer (containing our element) puts another increment of load on and causes settlement in 
the entire pile. But that settlement is very small, based on the model's output, a few 
tenths o f one foot. Addition of subsequent layers to the right (outside) our element causes 
additional settlement in the column of soil below our element (caused by distributed stress 
of a load horizontally displaced from the column) for a total settlement of about 0.5 to 1.8 
feet for the element. Table 7.5 contains information extracted from the output file for 
nodal point displacements in the surface elements in the center of the model to illustrate 
this.
Table 7.5
EXAMPLE -  SURFACE NODAL POINT DISPLACEMENTS
NP A-X A-Y X-DISP Y-DISP TOTAL NP
341 .0032 .0000 1.9829 -1.3670 2.4084 341
358 .0044 .0005 1.0127 -.5438 1.1495 358
375 .0038 .0004 1.5439 -.9746 1.8258 375
392 .0089 .0017 1,6590 -1.8117 2.4565 392
409 .0102 .0017 1.7836 -1.2891 2.2007 409
426 .0927 -.0667 1.8390 -.4006 1.8822 426
443 .0852 -.0182 1.5361 -.7852 1.7251 443
460 .1194 .0102 1.2247 -.9042 1.5224 460
477 .2978 -.1250 1.2744 -.9833 1.6096 477
This might not be what one would expect — only a foot or two of settlement at the 
surface for a 300-foot-high waste pile. However, to the extent that settlement occurs 
immediately and is not a creep phenomenon, this may be a reasonable simulation of the 
real situation, for the reasons discussed in the previous paragraph. Since creep almost 
certainly would occur, and other types of rock degradation will cause settlement over 





The major effects that settlement may have on a waste pile are through the reduced 
performance of surface drainage, possibly leading to infiltration of water into a fill, and 
formation of settlement-induced tension cracking. The consequences of this can include 
erosion problems and slope stability problems. Disruption of the designed surface 
drainage patterns may result in concentrations of runoff that create erosion gullies and 
carry sediment offsite. This is especially likely to happen if a discharge develops over the 
face o f the waste pile. If excessive settlement occurs, there may be reversals in the 
gradient o f drainage ditches or formation of depressions that collect water. This may lead 
to saturation of a portion of the fill, with the potential for failure of the slope caused by 
increased weight of the waste and reduced effective stress in the material.
In locations where waste piles are in remote areas with minimal environmental 
reclamation requirements, few regulatory restrictions are applied, or no subsequent 
development on the waste pile is planned, settlement is usually not evaluated. In cases 
where these factors are involved, settlement and its potential impacts on drainage, erosion, 
and stability must be evaluated. In the next section, a brief presentation will be made of 
the theoretical background and different ways for calculating settlement.
BACKGROUND DISCUSSION
The total settlement of waste piles and their foundations consists of consolidation 
and compression settlement. Consolidation or "primary" settlement develops in a 
saturated soil when a load is applied to the soil, causing an increase in porewater pressure. 
The downgradient migration of porewater reduces the volume of incompressible material 
(soil particles plus water) and allows settlement. Compression settlement, sometimes
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called "secondary settlement" involves the crushing and reorientation of particles in the 
soil mass. This crushing results from high point loads at particle contacts and following 
crushing at one point, stresses are redistributed to cause crushing at another point. The 
outcome is shifting and reloading of particles until they become less pointed and able to 
withstand the contact stresses. In saturated soil this type settlement occurs mainly after 
dissipation of the excess porewater pressure that develops from application of a load 
(some secondary settlement occurs during primary settlement). In granular, free-draining 
soils, such as most waste pile materials, compression is the predominant type of 
settlement, since excess porewater pressures cannot develop under normal conditions. 
Secondary settlement may take years to completely develop.
Consolidation Testing
The most common type of laboratory consolidation testing is performed on thin 
disk-shaped samples compressed between two porous disks. One standardized version of 
this test is ASTM 2435. Undisturbed samples of cohesive, fine-grained soil may be 
trimmed to fit the consolidation mold, or a sample of non-cohesive soil may be 
recompacted in the mold. The sample is saturated and increasing loads are incrementally 
applied to the sample. Measurements of sample displacement (settlement) and time are 
taken for each increment of load. These may be plotted as settlement vs. log of time or 
settlement vs. square root of time. Alternatively, a plot of sample void ratio vs. log 
pressure is plotted. Values of the coefficient of consolidation are derived from settlement 
vs. time plots, and may be used to evaluate the time it takes for various degrees of 
consolidation to occur. The compression index is derived from the void ratio vs. log 
pressure plot and is used to evaluate the consolidation settlement. Examples of these plots 
are available in any standard soil mechanics textbook.
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In terms of testing waste pile foundation material, the standard consolidation test 
may have some application, but for testing coarse waste rock material, a much larger 
device is needed. Apparently consolidometers up to about 1 meter in diameter have been 
used for testing rockfill materials. Charles (1991) summarizes some of the testing carried 
out using these devices.
An alternative to use of the consolidometer is to perform the test in a triaxial cell. 
This is mainly applicable to undisturbed samples with cohesion. In this test the saturated 
sample is subjected to incremental compressive loads, the quantity of water driven out of 
the sample is measured, and this volume is equated with reduction in sample volume, just 
as in the consolidometer. Following this phase of the test, the sample can be subjected to 
an additional vertical load and the stress-strain behavior evaluated. Running several of 
these tests allows one to plot the Mohr-coulomb envelop and evaluation of the soil 
strength.
A field test commonly done to evaluate soil stiffness and consolidation is the plate 
load test. This test involves application of incremental loads to a plate on the ground 
surface or in the bottom of a test trench. The load is typically applied by a hydraulic jack 
working against a reaction load provided by a loaded dump truck or scraper.
Another approach to evaluation of potential settlement has been taken in this project 
(see section on measurement of the constrained modulus in Chapter 4). The normal 
consolidometer or triaxial tests performed in the laboratory cannot easily be performed on 
gravely soil because the mold or cell sizes would have to be much larger than available in 
most labs. Also, because of the free-draining nature of these soils, no consolidation 
settlement is likely in most situations. The measurement of soil compression in the direct 
shear box is analogous to the one-dimensional consolidometer test. In both tests the load 
is applied on the vertical axis only, vertical displacement is measured, and lateral strains 
are zero. There are limitations to using the direct shear box for consolidation testing,
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however. Because of the way in which load is applied to the sample in the direct shear 
test by using a hydraulic ram, it is not feasible to run the test over a duration of several 
hours or days (the ram is not designed to hold pressure for long periods of time and will 
develop leakage). This makes running an extended test and evaluation of the coefficient 
o f compression impractical, as well as evaluating the long-term settlement described in the 
literature for rockfill dams. Therefore, the time to reach various degrees of settlement is 
not available from the testing in this study.
LITERATURE DESCRIPTIONS OF SETTLEMENT
Most of the literature available on the topic of settlement in coarse granular fill is 
aimed at settlement of rockfill in dams. Because of their similarities with waste rock, 
conclusions regarding these materials should be applicable to waste rock.
In two early reports on rockfill dam settlement, Baumann (1960) reported 
construction settlements of 6  to 18 percent in height for uncompacted, unsluiced, dumped 
rockfill and Cary (1960) reported 1 to 3 percent construction settlement. Sowers (1965) 
presents a summary of settlement data from five articles published in the early 1960 s. 
Conclusions drawn from his data are that the method of placement was more important 
than fill height, configuration, or rock type. Dams with limited sluicing and end-dumped 
placement showed the highest post-construction settlement. Dams constructed using 
more modern methods, including placement with water and in compacted lifts showed 
much less long-term settlement. The relationship between settlement (linear scale) and log 
o f time generally produces a straight line on the plot, indicating a significant decrease in 
the rate o f settlement with time.
J.A. Charles has been active in research on rockfill settlement and deformation for 
many years in Great Britain. The best and perhaps most recent summary of his work
(Charles, 1991) is presented in the book Advances in Rockfill Structures, edited by E. 
Maranha das Neves. A few of his conclusions in this publication are as follows:
1) Deformations in rockfill may be caused by changes in stress or moisture 
content, as well as by dynamic effects.
2) Large consolidometer (oedometer) tests can be used to develop 
deformation parameters for describing rockfill settlement during 
embankment construction and afterward. Settlement during construction 
may be evaluated using the empirical relationship Smax = 0.3yH2/D*,
•  j |c  .
where y is the unit weight, H is the total fill height, and D is an 
equivalent linear constrained modulus determined at median strain value, 
(approximately at one-half the fill height).
3) The long-term, post-construction settlement is approximately 1 percent for 
poorly compacted rockfill.
4) The one-dimensional compressive behavior of most rockfills on initial 
loading is non-linear and stress-dependent.
Kjaernsli and Sande (1963) and Sowers et al (1965) have published research on use 
of the oedometer and constrained modulus (D) for evaluation of rockfill settlement. Some 
of their conclusions are:
1) D increases with increasing hardness of the rock
2) D increase with increasing relative density
3) D is larger for smooth surfaced materials
4) D is larger for well graded materials versus poorly graded materials
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5) The major mechanism by which compression occurs is crushing of highly 
stressed particle contact points and consequent particle reorientation
6 ) The rate of long-term compression in rockfill is similar to the secondary
compression of clay
Wilson (1987) presents case studies for five rockfill dams, including monitoring 
information and description of any measured or observed deformation. He concludes that 
the compressibility of rockfill increases as the uniformity and average size of the particles 
increases and as the quality of rock decreases. Also, the compressibility of dumped 
rockfill is greater than that of compacted fill. Saturation of rockfill or inundation of a dam 
will increase the compressibility, although fills with dry placement are more subject to this 
than those placed with sluicing or watering. Finally, according to Wilson, to minimize 
settlement of rockfill, it should be constructed of well graded, unweathered hard rock or 
sand and gravel. The fill should be constructed in layers, watered, and compacted.
Dascal (1987) looked at settlement data from 15 rockfill dams and dikes built by 
Hydro-Quebec between 1955 and 1981. Some of his conclusions relevant to the present 
study include:
1) Deformation of rockfill structures continues for a long time after 
construction, but at very slow rates; for all practical purposes, 
deformation can be considered complete after 2 to 3 years, with 
rates less than 0.02% H per year.
2) The crest settlement of compacted dams was less than 0.35%, while 
settlement of the shoulders was up to 0 .8 %
3 ) The influence of sluicing and compaction in the dams studies was not
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obvious.
4) Downstream deflection was equal to or greater than settlement in most 
of the dams studied.
5) The maximum settlement, as a percentage of height, does not always 
coincide with the maximum recorded settlement or greatest thickness 
of fill.
Commenting on the findings of Dascal (above), McCleskey (1988) discussed a dam 
built by the U.S. COE. He identified slightly longer times to reach very low levels of 
settlement ( 4 9  months), about equal crest settlement, much less downstream crest 
deflection, and concurred that the location of maximum settlement as a percentage of 
height did not always coincide with the location of the maximum total settlement or 
greatest thickness of fill.
Additional comments on Dascal's paper by Professor Ervin Nonveiller (Nonveiller, 
1988) reference his experience with a rockfill dam in Yugoslavia. He concluded that the 
time to reach very low rates of settlement may be much longer than the 2-3 years 
mentioned by Dascal; downstream deflection was significantly less, and probably 
dependent on the structure shape; the deformation rates depend on the mechanical 
properties of the rock and the degree of compaction.
FACTORS AFFECTING SETTLEMENT
Factors that may affect the amount and type of settlement a waste pile will undergo 
include the particle shape, hardness, and gradation, relative density of placement, the 
method of placement and amount of compaction and vibration applied to the waste, 
amount o f moisture in the waste, and the configuration of the waste pile. Many of these 
factors were discussed in previous sections.
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Original Placement Relative Density
The density of waste rock at the time of its placement is one factor that defines the 
potential for future settlement. Initially low relative density means a high potential for 
settlement and conversly, high initial relative density means low potential for settlement. 
The material gradation may also influence settlement in that poorly graded materials have 
a higher void ratio and may be subject to greater compression as voids are filled with 
crushed particles.
Vibration And Weight Of Trucks
Most waste piles are not deliberately compacted with special equipment used for 
that purpose. Vibrations originating from operation of equipment, may facilitate 
settlement of loose waste pile deposits, just as vibration is used to density finer granular 
soils typically used in engineered fill. Of course the weight of haul trucks may provide 
considerable compaction in the zone within about 20 feet of their running surface. If a 
waste dump is constructed in 50-foot lifts as some are, this will be a factor in providing 
compaction. If waste is end-dumped onto a long slope, trucks can provide almost no 
compaction to the majority of a waste pile. Blasting or earthquake shaking may facilitate 
settlement of loose deposits. Most waste pile settlement probably occurs due to the self­
weight o f the material.
Moisture
Moisture in a waste pile may lubricate the contacts between particles and accelerate 
settlement. Terzaghi (1960) discussed settlement of two concrete-faced rockfill dams and 
concluded that the effect of sluicing on rockfill compression developed as a result of
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softening of the mineral bonds by wetting. This effect may be present in some rockfills, 
but not in others, for example where impermeable (non-softening) particles are present.
Sowers (1965) has suggested that addition of moisture to rockfill may allow water 
to enter the microfissures in highly stressed contact zones, causing local stress increases 
and allowing failure by crushing. Sluicing a rockfill with large quantities of water during 
construction was a common practice for many years, because based on practical 
experience, this tended to increase the compaction of the fill.
Particle Influences
The process of compression settlement involves high point loads on particles, 
crushing, and reorientation of the particles. It stands to reason that harder, more durable 
particles would be more resistant to crushing, hence would settle less. The natural 
hardness o f the minerals composing a rock as well as their type and degree of weathering 
influence the hardness.
Rounded particles present a larger bearing surface for interparticle loads and should 
develop lower point stresses. Other factors being equal, rounded particles should crush 
less. However, particle reorientation should be somewhat easier for rounded particles, 
compared with angular or platy particles.
The structures inherent in particles may also influence their ability to withstand 
crushing or breaking. Many types of rock have a fabric caused by bedding, metamorphic 
foliation, flow banding, etc. Fractures and microfractures may be present in a particle, 
often having a preferred orientation.
SETTLEMENT CALCULATED WITH CONSTRAINED MODULUS
Values for the constrained modulus M of several mine waste samples were 
presented in Chapter 4. As noted in that chapter, the values are stress-dependent,
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although approximately linear within narrow stress ranges. For the calculation of waste 
pile settlement, it will be assumed that one overall "best fit" value or two linear values 
representing the upper and lower portions of the curve are sufficiently accurate.
The calculation of settlement using M is relatively straightforward and may be 





The slope of the void ratio (e) versus pressure (p) curve (natural scale) is
Ae
the variable av , given by the relation a, -  — .
Ap
The coefficient of volume compressibility mv is the inverse o f the
. Ch'
constrained modulus and is given by: rtu = ----- .
\ + e
By proportion from a soil phase diagram, it may be shown that
Ae
settlement S is given by: S  =
\ + e
Based on 1) above, Ae = avAp which may be substituted into 3) to give
S  -  Q ^  — or S = ApntvH. 
l + e
final relationship to be used
However, since mv is the inverse of M, the
o bpH  is S = ------.
If one takes M to be a linear function of stress or pressure, a quick calculation of
settlement may be made by using the total waste pile depth times the material unit weight,
(  H \
H f r
times the median height of the fill, all divided by M: S  = —  . Using an average
* V1ave
value of M from Table 4.2 of 2860 psi or 412,000 psf, unit weight of 125 pcf, and a waste 
pile height of 300 feet, the calculated settlement is 13.6 feet or about 4.6 percent. If non­
linear values of M are to be used, a simple spreadsheet like Table 8.1 can calculate the
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settlement using incremental linear segments to approximate the non-linear curve. In this 
case the constrained modulus is assumed to vary uniformly from 300,000 psf at the top of 
the pile to 500,000 at the bottom, the layers for calculation are ten feet thick, total height 
is 300 feet, and the unit weight is 125 pcf. The value of M advances in each layer.
Using this relationship, settlement in any given layer is directly proportional to the 
depth of the layer and inversely proportional to the value of M. However, the depth may 
vary by several hundred percent, while M varies by only about 50 percent through a waste 
pile. This means H has more impact on settlement, with deeper layers having a higher 
percentage of settlement for a given thickness compared to shallow layers (you can see 
this in Table 8.1. This means the percentage settlement for a thick waste pile will be 
higher than for a thin pile. Using the example above with a linear M  value of 412,000 psf, 
the 300 foot thick pile settles 4.5%, a 200 foot thick pile settles 3.0%, and a 100 foot 
thick pile settles 1.5%.
As mentioned in the section on literature in this chapter, Charles (1991) has 
proposed an empirical formula Smax = 0.3yH-/D that uses the constrained modulus to 
calculate the settlement of rockfill. In fact, his formula differs only in the use of a 
multiplier of 0 . 3  and an "constant equivalent constrained modulus", D*, which is 
determined by:
D* = 0.5 (yH/s*)
where 8 * is an average strain due to an increase in stress of 0.5yH.
Additional discussion of settlement and calculations using numerical models have




L a y e r C e n te r D e l ta  P M  V a lu e L a y e r
N u m b e r D e p th (p sf) (p sf) S e t t le m e n t
( fe e t) ( fe e t)
1 2 9 5 3 6 8 7 5 5 0 0 0 0 0 0 . 7 3 8
2 2 8 5 3 5 6 2 5 4 9 3 1 0 3 0 . 7 2 2
3 2 7 5 3 4 3 7 5 4 8 6 2 0 7 0 . 7 0 7
4 2 6 5 3 3 1 2 5 4 7 9 3 1 0 0 . 6 9 1
5 2 5 5 3 1 8 7 5 4 7 2 4 1 4 0 . 6 7 5
6 2 4 5 3 0 6 2 5 4 6 5 5 1 7 0 . 6 5 8
7 2 3 5 2 9 3 7 5 4 5 8 6 2 1 0 . 6 4 1
8 2 2 5 2 8 1 2 5 4 5 1 7 2 4 0 . 6 2 3
9 2 1 5 2 6 8 7 5 4 4 4 8 2 8 0 . 6 0 4
10 2 0 5 2 5 6 2 5 4 3 7 9 3 1 0 . 5 8 5
11 1 9 5 2 4 3 7 5 4 3 1 0 3 4 0 . 5 6 6
12 185 2 3 1 2 5 4 2 4 1 3 8 0 . 5 4 5
13 1 7 5 2 1 8 7 5 4 1 7 2 4 1 0 . 5 2 4
14 1 6 5 2 0 6 2 5 4 1 0 3 4 5 0 . 5 0 3
15 1 5 5 1 9 3 7 5 4 0 3 4 4 8 0 . 4 8 0
16 1 4 5 1 8 1 2 5 3 9 6 5 5 2 0 . 4 5 7
17 1 3 5 1 6 8 7 5 3 8 9 6 5 5 0 . 4 3 3
18 1 2 5 1 5 6 2 5 3 8 2 7 5 9 0 . 4 0 8
19 1 1 5 1 4 3 7 5 3 7 5 8 6 2 0 . 3 8 2
20 1 0 5 1 3 1 2 5 3 6 8 9 6 6 0 . 3 5 6
2 1 95 1 1 8 7 5 3 6 2 0 6 9 0 . 3 2 8
22 85 1 0 6 2 5 3 5 5 1 7 2 0 . 2 9 9
23 75 9 3 7 5 3 4 8 2 7 6 0 . 2 6 9
24 65 8 1 2 5 3 4 1 3 7 9 0 . 2 3 8
25 55 6 8 7 5 3 3 4 4 8 3 0 . 2 0 6
26 45 5 6 2 5 3 2 7 5 8 6 0 . 1 7 2
27 35 4 3 7 5 3 2 0 6 9 0 0 . 1 3 6
28 25 3 1 2 5 3 1 3 7 9 3 0 . 1 0 0
29 15 1 8 7 5 3 0 6 8 9 7 0 . 0 6 1
30 5 625 3 0 0 0 0 0 0 . 0 2 1





The dissertation has developed information about the strength and deformation 
characteristics of mine waste rock, especially the non-linear stress-dependent aspects of its 
strength. Another accomplishment of this dissertation has been to increase understanding 
of the stability and deformation behavior of mine waste dumps. This was done by 
performing parameter sensitivity studies using limit equilibrium analysis methods, and 
running computer model simulations of waste dump behavior using numerical methods.
The information gained from these activities has been synthesized to help explain features 
related to stability and deformation in actual waste piles at mines in north-central Nevada.
This chapter is divided into two main parts. In the first part, key points from each of 
the main headings in the dissertation, are presented as briefly and concisely as possible. In 




• Mine Waste Dumps are being constructed as angle of repose slopes (long, high, 
continuous fill by end dumping) or in 50-foot thick lifts, with each lift stepping back
from the previous one.
• The most commonly observed types of slope instability were sliver failures at the crest 
.  Cracks were obseiwed to be 2" to 6 " wide, 15 to 150 back from the crest, and
extending sometimes hundreds of feet along the dump .
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• Cracks are often associated with settlement features (depressions) in the dumps and 
when they run to the slope face, connect at least on the surface to zones of slope 
instability such as crest failures.
• Long linear depressions (6 " to 12" deep) were observed; these are interpreted to be 
settlement features, and have the potential for disrupting the surface drainage of 
dumps.
LABORATORY TESTING
• The constrained modulus for mine waste samples was determined using an innovative 
technique with a 15-inch direct shear apparatus. This parameter was found to be 
stress dependent and increase with higher confining pressures.
• Direct shear testing of mine waste samples were interpreted as having linear (C + Phi) 
strength or non-linear, stress-dependent strength. Their friction angles were shown to 
be a function of the log of confining pressure. At 14.7 psi confining pressure, friction 
angle varied from 35 to 51 degrees.
• Stress-Strain plots for mine waste samples during direct shear testing indicate these
materials exhibit non-brittle characteristics.
.  Point load testing indicates the mine waste samples have unconfined compressive
strengths ranging from 1400 psi to 22,100 psi.
• Slake-Durability testing indicates that non-welded tuff is very low, welded tuff is high 
to very high, and argillized siltstone is very high in slake-durability.
SLOPE STABILITY ANALYSES
.  Based on theoretical grounds, the finding of non-brittle behavior in mine waste
materials, and their granular nature, it is predicted these materials will exhibit a slope
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failure mode with small displacements on near-surface slips, repeated as new material 
is added to the slope. This is in accordance with field observations.
• Parameter studies show cohesive soils produce deeper circular failure paths compared 
to frictional soils that produce shallow, more linear failure paths
• Comparison of factor of safety for identical slopes using linear (C + Phi) versus non­
linear (Phi only) soil strength parameters indicates the linear parameters produce 
higher values than non-linear parameters. This suggests the engineer should consider 
the shape and location of potential failures, and field observations of actual 
occurrences, to arrive at the most reasonable approach to analysis.
• Comparison of circular slip versus two-wedge failures indicate the Janbu factor of 
safety is higher for the two-wedge analysis, even though the location and size of 
failures may be similar between the two methods.
FINITE DIFFERENCE ANALYSES
.  Finite difference modeling predicts formation of zones of tensile stress and tension 
cracks in the top 5 to 15 meters of waste piles. This may occur as a result of lateral 
bulging from settlement, or from downward and outward displacement o f material 
near the slope face during failure.
FINITE ELEMENT ANALYSES
• Stresses in deeper soil elements remain compressive throughout waste pile 
construction and settlement. Horizontal stresses in near-surface elements may become 
tensile if excessive displacement occurs in elements near the crest.
.  Incremental finite element modeling with sloping layers indicates downward and 
outward displacements in layers of soil (even in strong soils), with decreasing rate of 
displacement as a given soil element becomes more deeply buried. If soil is relatively
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weak, displacements are larger, especially near the crest. With this displacement, 
extensional strain develops in the waste pile. Soil elements near the surface have low 
confining stress and may develop tension cracks, while more deeply buried elements 
probably do not.
• Repeated addition of incremental layers, and repeated failure of these layers produces 
a stair step pattern in the model, similar to that observed in the field.
SETTLEMENT ANALYSES
• Analysis using constrained modulus values from the testing indicate settlement to be 
4.4 percent of height for a 300-foot high slope. This is immediate settlement and 
because of incremental construction, would not be experienced by the top surface 




Crest failure and sliver or shallow failures (movement of a thin wedge of material 
near the face) were observed to be the predominant types of slope instability. Observed 
dip-slip displacements on the failure surfaces ranged from a few inches to about 1 2  feet. 
Failed material could be identified as far down the face of some fills as 50 feet. The width 
of failure blocks ranged from about 5 to 25 feet. Sometimes a series of "stairstep" faults 
occur together, suggesting repeated failure in the same manner.
A larger failure was observed at Big Springs Mine involving placement of new fill 
over an existing waste dump; this may have reactivated an existing older failure. This
demonstrates that caution must be exercised when filling over existing dumps, to avoid 
reactivating old problems.
Cracking
Cracks 2 to 6  inches wide and of undetermined depth were observed on several 
older waste dumps. These ranged from about 15 to 150 feet back from the crest of the 
dumps and may extend for several hundred feet. Their orientation with respect to the 
dump face is generally parallel to the crest, but sometimes cutting across a lobe-shaped 
waste pile. They may diverge from a zone of crest or sliver failure and on the surface 
appear to be associated with such failures. They are often located in proximity to areas of 
surface settlement. Cracks appear to be related to minor movement on failure surfaces 
within the dump or settlement within the dumps, based on their association with these
features.
Settlement
Settlement was observed at several dump sites and consisted of broad areas several 
hundred feet in area or long linear trends of depression. The amount of settlement was 
generally about 6  inches to a foot. The settlement observed at these site was enough to 
disrupt the drainage flow on the top surface of the dumps, either as a channel or 
depression in which water would flow or as an area of ponding.
Considering possible consequences of settlement, it may be speculated that such 
depressions could caused ponding of water during periods of heavy rainfall, possibly 
contributing to saturation of a portion of the fill and subsequent instability. Since cracking 
was observed to be located in proximity to areas of settlement, these two features in 
conjunction could conceivably funnel storm runoff into cracks in the dump. If cracks were
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associated with existing or incipient failure surfaces within the dump, such saturation 
could seriously affect stability.
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LABORATORY TESTING
Sixteen samples were collected from six mine sites in north-central Nevada. They 
were tested at the UNR Geological Engineering and Civil Engineering laboratories.
Grain Sized Distribution
Samples were split were tested for 3-inch -minus material. They were found to be 
predominantly well-graded sandy gravel, U.S.C.S. classification GW. Samples had few 
fines (clay and silt fraction), generally less than 1 percent.
Constrained Modulus
Testing evaluated the constrained modulus (1-dimensional compression, no lateral 
strain) o f all samples using the Rocktest 15-inch direct shear device. This was a new use 
o f this equipment, not known to have previously been accomplished. This parameter is 
used to calculate Young's modulus and bulk modulus for use in engineering analyses. 
Constrained modulus values ranged from 1174 psi for weak non-welded tuff (sample 
RM2) to a high of 4213 psi for hard siltstone (sample MS).
Direct Shear
Direct shear testing was performed with the Rocktest 15-inch direct shear device. 
Three batches o f each sample were processed through the device, allowing measurements 
for stress and strain while shearing of the material. Based on interpretation o f the stress- 
strain curves, Mohr envelope strength plots were produced. These were interpreted as 
linear functions (cohesion intercept and straight envelope) and as non-linear functions (no 
cohesion, curved function). Non-linear fonctions were presented in log-linear graphs of
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confining pressure vs. friction angle, which generally produced straight plots. These plots 
indicate friction angle may be thought of as a function of the log of confining pressure for 
these materials.
The value of sample friction angles were reported as (j)0, the friction angle for a 
confining pressure of one atmosphere (14.7 psi). These values varied from a low of 35 
degrees to a high of 51 degrees.
Point Load
Point load testing was performed on lump specimens of the mine waste rock 
samples collected for this project. This test evaluates the unconfined compressive strength 
of rock materials. Results ranged from a low of 1,400 psi for weak non-welded tuff 
(sample RM2) to a high of 22,100 psi for hard argillized siltstone (sample NDM).
Slake-Durability
Slake durability testing evaluates the ability of a sample to withstand repeated 
wetting and drying without disintegration. This factor may correlate with the maintenance 
of long-term strength, stability, and compressibility of waste dumps. Six samples were 
tested to evaluate the general range of the slake-durability index for the project materials. 
Results indicate that non-welded tuff is very low, welded tuff is high to very high, and 
argillized siltstone is very high in slake-durability.
SLOPE STABILITY ANALYSIS
Small Displacements, Repeated Failures
Based on theoretical consideration of stress distribution in mine waste piles that are 
n e a r  the noint of slope failure (for example, on an angle of repose slope), findings from 
the testing indicate that mine waste materials exhibit generally non-brittle stress-strain
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characteristics, and based on parameter sensitivity studies, it may be predicted that the 
dominant mode of slope failure would be one involving small displacements on near 
surface failure zones, repeated with incremental addition of new loads (layers). This is in 
fact what the model studies show and what is often observed in the field.
Sensitivity Analyses
These analyses provide a general background and evaluation of the importance of a
variety of factors involved in slope stability. The findings are as follows for a standard
slope (300-feet high, 37 degree face angle):
• Waste pile friction angle (frictional material) — FOS changes from 0.65 for 
<j)=25°to FOS=1.6for (j)=55°
• Waste pile cohesion (C and phi material) -- FO S=l. 1 for C=100 psf changes to 
FOS=1.9 for C=3000 psf
• Frictional materials have shallow failure paths while materials with cohesion plus 
friction have deeper failure paths
.  Slope angle on the waste pile ((3) -  FOS varies from 0.6 for (3= 27° to FOS=l .5 
for [3= 55°
• Slope height -  within the limits studied for this project, FOS was insensitive to 
slope height. This study did not evaluate long-term effects or material 
degradation, and the potential decreases in strength and stability associated with 
these factors
• Water surface within waste pile — the height of the water surface may have a 
moderate influence on FOS, which decreases with increasing height of the water
surface
• Earthquake loading — loading from this source may have a moderate influence, 
with FOS=l .5 for EQ load=0g and FOS changing to 1.0 for EQ load=0.25g
Foundation friction angle -  FOS=0.8 for 4>fhd = 15° changes to FOS-1.2 for 
<t>fnd = 38°
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FOS For Linear and Non-Linear Materials
Comparison of the FOS for circular slip analyses using all factors the same except 
material strength, shows that analyses using cohesive plus frictional materials produce 
higher FOS compared with fiction only materials. The material parameters used were 
those for each sample from the Mohr-Coulomb plots in Appendix C. This means that 
interpretation of these plots as non-linear functions produces a more conservative FOS for 
the analyses. However, the shape and location of the failure surfaces for the most critical 
slip circle is influenced by the use of cohesion in the material strength. The suggests the 
engineer must consider the most likely shape and location of failure, based on experience 
and field observations, when selecting linear or non-linear strength parameters for a given 
waste rock material. Based on the observations made for this project, in most cases this 
will require use of non-linear strength parameters.
Two-Wedge Model Of Failure
The two-wedge type of failure is noted for its application to fills built on weak 
foundations. In principle, complementary active and passive wedges may form with 
sliding on two surfaces in the waste pile as well as between the wedges. There may be 
multiple sets of these wedges if new layers of material are repeatedly added over existing
failures.
Using XSTABL with the Janbu Method, the FOS was compared between two- 
wedge and circular slip failures. For the two-wedge method, FOS was always higher, 
sometimes by several tenths. The locations of the most critical failure surfaces, as selected 
by the program were similar, but the shape of the failures were different.
FINITE DIFFERENCE ANALYSIS
Using the program FLAC, a number of variations on a basic model configuration 
were used to evaluate instability, settlement, and potential for cracking.
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Completely Built Model
Slope stability. The model was given strength adequate to prevent major failure 
during settlement, followed by reduction in strength to cause failure. Using both friction 
only and friction plus cohesion materials, the findings of the chapter on slope stability 
regarding failure surface shape were confirmed. Friction only materials produce shallow 
slips parallel to the face, while friction plus cohesion materials produce deeper, more 
circular failures. In analysis, it is important to use material parameters that reflect the 
actual field conditions and produce failures similar to those observed on real waste sites.
Settlement. The model was not allowed to fail and incorporated monitoring of 
settlement at several locations along its top. The calculated settlement for a 300 foot high 
completely built model was 15.9 feet or 5.3% of the height. This means that if all the 
material were simultaneously placed, it would settle this amount under its self-weight 
(neglecting long-term settlement).
Tension Crack Development. Models were the same as for the slope stability 
studies above. For frictional materials a zone of tensile stresses developed in the top 5 
meters after the model started to fail, but not during settlement. Since this material 
theoretically has no tensile strength, it should form tension cracks within this zone. For 
friction plus cohesion materials, a zone of tensile stresses developed in the top 15 meters 
both during settlement and during failure of the model. 90 of 108 zones in the top 15m of 
the model had tensile stresses and 59 of these zones had tensile stresses exceeding the 
calculated tensile strength of the materials. It is concluded these materials should form 
tension cracks in that part of a waste pile. Formation of zones of tensile stress appear to 




Slope stability. Two models were used to evaluate stability. In the first, all 
materials in the model were frictional, phi=35 degrees, however, a wedge of more 
consolidated material (same strength) with 38-degree face angle served as the base on 
which incremental layers were built. This model simulates addition of new layers of 
material on an existing consolidated waste pile. Since the material strength is less than the 
angle o f repose for the material and construction slope angle, the model failed. It failed 
with an extensive displacement at the contact with the old material, followed by minor 
displacement between existing layers as these were added. This shows it is possible to 
simulate a complicated but relatively common field situation using the model. By 
adjusting the strength parameters to correspond with actual field values, potential real 
failure modes may be evaluated before the waste pile is constructed.
The second model used higher strength in the pre-existing wedge (phi=40 deg.), but 
weaker material (phi=32 deg.) for the incremental layers. This model produced moderate 
displacement between the new layers but extensive failure at the final face. This simulates 
placement o f weak material over a stronger, pre-existing waste dump.
Settlement. Based on the incrementally constructed model, settlement of the top 
surface was 8.7 feet or 2.9 percent of a 300-foot -high waste pile. These values should be 
viewed as tentative since the analysis fails to consider the effects of layer thickness on 
settlement of the model.
Tension Crack Development.
In frictional soils, no zone of tensile stresses developed in the models. For friction 
plus cohesion soils, 92 of 108 zones in the top 15 meters had tensile stresses, 46 o f which 
exceed the calculated tensile strength. It is concluded that tension cracks may form in the 
top 15 meters of waste piles having this type of construction and material properties (see 
conclusions for completely built model above).
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FINITE ELEMENT ANALYSIS
Finite element analysis may be used to evaluate stresses, strains, and displacement in 
mine waste embankments. The state of stress in relation to soil strength (either tensile or 
compressive) is available for each soil element, as is the orientation of the principal stress 
axes.
For this project a model was constructed using 544 element and 40 construction 
layers, to simulate an angle of repose fill slope being built out on a level foundation. The 
model uses non-linear soil strength and stiffness, which may realistically represent real 
mine waste materials. The input/output files included in Appendix H are for a model run 
with just enough soil strength to prevent a major failure and breakdown of the model. 
When the model is run this way, there is a displacement of a few inches to a few feet in 
newly placed and recently placed elements, especially those near the crest. This type of 
displacement places near-surface elements behind the face in tension, possibly in tensile 
failure, and has the potential for producing tension cracks. Also, displacements in the 
recently placed near-surface elements may result in stepped displacements in the top 
surface o f the fill. These two types of features have been observed in the field.
Evaluation of settlement using the FE model points up an important aspect of real 
waste pile settlement. This is that for any given point of the surface of a waste pile, which 
may be subject to settlement monitoring, there are 10, 20, 30, or more layers underlying 
that point which have individually been subject to settlement and have affected the 
settlement of the layers that underlie them. This means that by the time the final layer is 
placed and the surface (to be monitored) is created, the majority of the settlement in the 
soil column below that point has already occurred. Therefore, it is not unreasonable to 
find only a few feet of settlement in actual waste piles, compared to the 10 to 15 feet 
predicted by some models.
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The incremental finite element model was used to generate stress and strain data 
which was evaluated for a mid-height element in the model. The model used frictional 
strength great enough to prevent a major slope failure. It was found that vertical and 
horizontal stresses were compressive for the element throughout the remaining period of 
model construction. Because new soil is placed on a 37 degree slope in this model, there 
is a small downward and outward movement of each soil element. This displacement is 
greater in newly placed elements and continues at a diminishing rate as the element is more 
deeply buried. This creates lateral extensional strain in the waste pile, despite compressive 
vertical and lateral stresses. In the middle of the waste pile, where compressive stresses 
are high, this situation does not produce cracking. Near the surface, where lateral stresses 
are small, cracking may develop.
SETTLEMENT ANALYSIS
Factors effecting settlement include original placement relative density, moisture, 
particle shape and gradation, particle hardness, method of placement, and application of 
vibration after placement. The constrained modulus values, as determined by the 
laboratory testing for this project, were used to calculate the potential settlement o f a 
waste pile. Based on these calculations, a completely built waste pile (simultaneously put 
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Appendix B
Direct Shear Stress-Strain Data And Figures
APPENDIX B DISCUSSION: ACCURACY AND ERRORS 
Direct Shear Testing
216
Readings are taken on pressure gauges with estimated accuracy of ±25 psig (the 
accuracy o f reading, not the gauge accuracy itself, which is much better). This translates 
to approximately ±0.1 psi shear stress on the sample. The displacement gauge reading (d) 
is estimated to be accurate ±0.001 inches. Sample length (L) is estimated to be accurate ±
0.050 inches. Strain is d/L, so we need relative error for both d and L.
A typical displacement value at the beginning of the tests is 0.05 in. If  absolute 
error is ±6.001, relative error is 0.001/0.050=0.020. The relative error for the length is 
0.05/15=0.003. Maximum total relative error is 0.020±0.003=0.023. Typical strain at the 
beginning of a test is 0.0033, which if multiplied by maximum total relative error 0.023 
equals 0.0001. Therefore, the maximum absolute error is ±0.0001. Based on this 
analysis, the strain values are reported to 4 decimal places.
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Table B.l.
UNIT WEIGHTS AS TESTED 
And ORDER OF PRESENTATION
MINE SAMPLE APPROXIMATE
UNIT WEIGHT AS 
TESTED(PCF)













N D M 117






















B a l d  M t .
D I R E C T  S H E A R  D A T A  a n d  S A M P L E  S H E A R  S T R A I N  C A L C U L A T I O N
S A M P L E :  B a l d  M o u n t a i n  -  B M  T e s t  D a t e :  8 - 1 3 - 9 2
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DATA SET NUMBER GAUGE SAMPLE SAMPLE SHEAR











188 psi Normal Load 2300 31.6 1.0 0.0026
Unsheared Material 3050 42.0 2.0 0.0052
3400 46.8 3.0 0.0079
3600 49.5 4.0 0.0105
3800 52.3 5.0 0.0131
3950 54.3 6.0 0.0157
4000 55.0 7.0 0.0184
4050 55.7 8.0 0.0210
4150 57.1 9.0 0.0236
4200 57.8 10.0 0.0262
4250 58.5 11.0 0.0289
4300 59.1 12.0 0.0315
4400 60.5 15.0 0.0394
4600 63.3 17.5 0.0459
5100 70.2 20.0 0.0525
5200 71.5 22.5 0.0591
5400 74.3 25.0 0.0656
SECOND DATA SET 0 0.0 0.0 0.0000
188 psi Normal Stress 500 6.9 1.0 0.0026
Material Sheared Once 600 8.3 2.0 0.0052
Previously 600 8.3 3.0 0.0079
650 8.9 4.0 0.0105
700 9.6 5.0 0.0131
750 10.3 7.5 0.0197
900 12.4 10.0 0.0262
1050 14.4 12.5 0.0328
1300 17.9 15.0 0.0394
1625 22.4 17.5 0.0459
1900 26.1 20.0 0.0525
THIRD DATA SET 0 0.0 0.0 0.0000
117.4 psi Normal Stress 1650 22.7 1.0 0.0026
Unsheared Material 2250 30.9 2.0 0.0052
2600 35.8 3.0 0.0079
3000 41.3 4.0 0.0105
3200 44.0 5.0 0.0131
3400 46.8 6.0 0.0157
3600 49.5 7.0 0.0184
3700 50.9 8.0 0.0210
4150 57.1 10.0 0.0262
4350 59.8 12.5 0.0328
4700 64.6 15.0 0.0394
4800 66.0 17.5 0.0459
5000 68.8 25.0 0.0656
5300 72.9 28.0 0.0735
D I R E C T  S H E A R  D A T A  a n d  S A M P L E  S H E A R  S T R A I N  C A L C U L A T I O N
S A M P L E :  B a l d  M o u n t a i n  - -  B M  T e s t  D a t e :  8 - 1 3 - 9 2
220
DATA SET NUMBER GAUGE SAMPLE SAMPLE SHEAR
AND PRESSURE SHEAR DISPLACEMENT STRAIN
NORMAL STRESS LATERAL RAM STRESS
(l>sig) (psi) (mm)
FOURTH DATA SET 0 0.0 0.0 0.0000
117.4 psi Normal Stress 800 11.0 1.0 0.0026
Material Sheared Once 900 12.4 2.0 0.0052
Previously 1000 13.8 3.0 0.0079
1000 13.8 4.0 0.0105
1050 14.4 5.0 0.0131
1300 17.9 10.0 0.0262
1700 23.4 15.0 0.0394
2100 28.9 20.0 0.0525
2600 35.8 25.0 0.0656
FIFTH DATA SET 0 0.0 0.0 0.0000
47 psi Normal Stress 850 11.7 1.0 0.0026
Material Unsheared 1100 15.1 2.0 0.0052
1300 17.9 3.0 0.0079
1500 20.6 4.0 0.0105
1600 22.0 5.0 0.0131
1700 23.4 6.0 0.0157
1800 24.8 7.0 0.0184
1950 26.8 8.0 0.0210
2025 27.9 9.0 0.0236
2100 28.9 10.0 0.0262
2100 28.9 11.0 0.0289
2200 30.3 12.0 0.0315
2500 34.4 15.0 0.0394
2500 34.4 17.5 0.0459
2700 37.1 20.0 0.0525
2800 38.5 22.5 0.0591
2900 39.9 25.0 0.0656
3050 42.0 27.5 0.0722


















S A MP LE:  B a r  r i c k  G
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D I R E C T  S H E A R  D A T A  a n d  S A M P L E  S H E A R  S T R A I N  C A L C U L A T I O N
S A M P L E :  B a r r i c k  G  T e s t  D a t e :  1 0 - 7 - 9 2
DATA SET NUMBER 
AND
NORMAL STRESS
FIRST DATA SET 
188 psi Normal Stress 
Unsheared Material
SECOND DATA SET 






0 0 . 0
1700 23.4







8000 1 1 0 . 0
8500 116.9













4800 6 6 . 0






0 . 0 0 0 . 0 0 0 0
0.05 0.0033
0 . 1 0 0.0067
0 . 2 0 0.0133







0 . 0 0 0 . 0 0 0 0
0.05 0.0033
0 . 1 0 0.0067
0.15 0 . 0 1 0 0
0 . 2 0 0.0133
0.25 0.0167










1 . 0 0 0.0667
Gauge Sticking » >
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D I R E C T  S H E A R  D A T A  a n d  S A M P L E  S H E A R  S T R A I N  C A L C U L A T I O N
S A M P L E :  B a r r i c k  G  T e s t  D a t e :  1 0 - 7 - 9 2
DATA SET NUMBER GAUGE SAMPLE SAMPLE SHEAR
AND PRESSURE SHEAR DISPLACEMENT STRAIN
NORMAL STRESS LATERAL RAM STRESS
(psig) (psi) (inches)
THIRD DATA SET 0 0 . 0 0 . 0 0 0 . 0 0 0 0
47 psi Normal Stress 900 12.4 0.05 0.0033
Unsheared Material 1 2 0 0 16.5 0 . 1 0 0.0067
1400 19.3 0.15 0 . 0 1 0 0
1600 2 2 . 0 0 . 2 0 0.0133
1900 26.1 0.25 0.0167
2 0 0 0 27.5 0.30 0 . 0 2 0 0
2075 28.5 0.35 0.0233
2 1 0 0 28.9 0.40 0.0267
2350 32.3 0.50 0.0333
2500 34.4 0.60 0.0400
2700 37.1 0.70 0.0467
2800 38.5 0.80 0.0533
2900 39.9 0.90 0.0600
3000 41.3 1 . 0 0 0.0667
3125 43.0 1 . 1 0 0.0733
224
B a r r i e  k UPSAMPLE:
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D I R E C T  S H E A R  D A T A  a n d  S A M P L E  S H E A R  S T R A I N  C A L C U L A T I O N
S A M P L E :  B a r r i c k U P  T e s t  D a t e :  1 0 - 6 - 9 2
DATA SET NUMBER GAUGE
AND PRESSURE
NORMAL STRESS LATERAL RAM
(psig)
FIRST DATA SET 0















SECOND DATA SET 0
188 psi Normal Stress 750










0 . 0 0 . 0 0 0 . 0 0 0 0
27.2 0.05 0.0033
35.8 0 . 1 0 0.0067
44.0 0.15 0 . 0 1 0 0
50.2 0 . 2 0 0.0133
57.1 0.25 0.0167









8 8 . 0 1 . 0 0 0.0667
0 . 0 0 . 0 0 0 . 0 0 0 0
10.3 0.05 0.0033
13.8 0 . 1 0 0.0067
15.8 0.15 0 . 0 1 0 0
17.9 0 . 2 0 0.0133




D I R E C T  S H E A R  D A T A  a n d  S A M P L E  S H E A R  S T R A I N  C A L C U L A T I O N
S A M P L E :  B a r r i c k U P  T e s t  D a t e :  1 0 - 6 - 9 2
D A T A  S E T  N U M B E R G A U G E S A M P L E S A M P L E S H E A R
A N D P R E S S U R E S H E A R D IS P L A C E M E N T S T R A IN
N O R M A L  S T R E S S L A T E R A L  R A M S T R E S S
(p s ig ) (p s i) ( in c h e s )
THIRD DATA SET 0 0 . 0 0 . 0 0 0 .0 0 0 0
117.4 psi Normal Stress 1650 22.7 0.05 0.0033
Unsheared Material 1900 26.1 0 . 1 0 0.0067
2 2 0 0 30.3 0.15 0 . 0 1 0 0
2525 34.7 0 . 2 0 0.0133
2750 37.8 0.25 0.0167
3050 42.0 0.30 0 . 0 2 0 0
3300 45.4 0.35 0.0233
3325 45.7 0.40 0.0267
3650 50.2 0.45 0.0300
3900 53.6 0.50 0.0333
4025 55.4 0.60 0.0400
4250 58.5 0.70 0.0467
4475 61.6 0.80 0.0533
5050 69.5 0.90 0.0600
5275 72.6 1 . 0 0 0.0667
5525 76.0 1 . 1 0 0.0733
5550 76.3 1 . 2 0 0.0800
FOURTH DATA SET 0 0 . 0 0 . 0 0 0 . 0 0 0 0
47 psi Normal Stress 700 9.6 0.05 0.0033
Unsheared Material 1050 14.4 0 . 1 0 0.0067
1350 18.6 0.15 0 . 0 1 0 0
1500 2 0 . 6 0 . 2 0 0.0133
1700 23.4 0.25 0.0167
1775 24.4 0.30 0 . 0 2 0 0
1725 23.7 0.35 0.0233
1850 25.4 0.40 0.0267
1925 26.5 0.45 0.0300
2075 28.5 0.50 0.0333
2 1 0 0 28.9 0.60 0.0400
2275 31.3 0.70 0.0467
2375 32.7 0.80 0.0533
2500 34.4 0.90 0.0600
2625 36.1 1 . 0 0 0.0667
2750 37.8 1 . 1 0 0.0733
2800 38.5 1 . 2 0 0.0800
S AMP L E : B a r r  i c k UFA
2 2 8
D I R E C T  S H E A R  D A T A  a n d  S A M P L E  S H E A R  S T R A I N  C A L C U L A T I O N
S A M P L E :  B a r r i c k  U P A  T e s t  D a t e :  1 0 - 7 - 9 2
D A T A  S E T  N U M B E R G A U G E S A M P L E S A M P L E S H E A R
A N D P R E S S U R E S H E A R D IS P L A C E M E N T S T R A IN
N O R M A L  S T R E S S L A T E R A L  R A M S T R E S S
(p s ig ) (p s i) ( in c h e s )
FIRST DATA SET 0 0 .0 0 . 0 0 0 .0 0 0 0
188 psi Normal Stress 2 0 0 0 27.5 0.05 0.0033
Unsheared Material 2600 35.8 0 . 1 0 0.0067
3200 44.0 0.15 0 . 0 1 0 0
3700 50.9 0 . 2 0 0.0133
4050 55.7 0.25 0.0167
4400 60.5 0.30 0 . 0 2 0 0
4950 6 8 . 1 0.35 0.0233
5700 78.4 0.40 0.0267
6650 91.5 0.50 0.0333
7150 98.3 0.60 0.0400
8150 1 1 2 . 1 0.70 0.0467
SECOND DATA SET 0 0 . 0 0 . 0 0 0 . 0 0 0 0
117.4 psi Normal Stress 1600 2 2 . 0 0.05 0.0033
Unsheared Material 2 0 0 0 27.5 0 . 1 0 0.0067
2350 32.3 0.15 0 . 0 1 0 0
2700 37.1 0 . 2 0 0.0133
3050 42.0 0.25 0.0167
3325 45.7 0.30 0 . 0 2 0 0
3550 48.8 0.35 0.0233
3850 53.0 0.40 0.0267
4050 55.7 0.45 0.0300
4200 57.8 0.50 0.0333
4425 60.9 0.55 0.0367
4450 61.2 0.60 0.0400
5000 6 8 . 8 0.70 0.0467
5600 77.0 0.80 0.0533
6150 84.6 0.90 0.0600
6350 87.3 1 . 0 0 0.0667
6750 92.8 1 . 1 0 0.0733
7000 96.3 1 . 2 0 0.0800
229
D I R E C T  S H E A R  D A T A  a n d  S A M P L E  S H E A R  S T R A I N  C A L C U L A T I O N
S A M P L E :  B a r r i c k U P A  T e s t  D a t e :  1 0 - 7 - 9 2
DATA SET NUMBER GAUGE SAMPLE SAMPLE SHEAR
AND PRESSURE SHEAR DISPLACEMENT STRAIN
n o r m a l  STRESS LATERAL RAM STRESS
(psig) (psi) (inches)
THIRD DATA SET 0 0.0 0 . 0 0 0.0000
47 psi Normal Stress 1 2 0 0 16.5 0 . 1 0 0.0067
Unsheared Material 1500 2 0 . 6 0.15 0 . 0 1 0 0
1750 24.1 0 . 2 0 0.0133
1900 26.1 0.25 0.0167
1900 26.1 0.30 0 . 0 2 0 0
1975 27.2 0.35 0.0233
2 0 0 0 27.5 0.40 0.0267
2050 28.2 0.45 0.0300
2075 28.5 0.50 0.0333
2450 33.7 0.55 0.0367
2250 30.9 0.60 0.0400
2400 33.0 0.70 0.0467
2500 34.4 0.80 0.0533
2700 37.1 0.90 0.0600
3000 41.3 1 . 0 0 0.0667
3150 43.3 1 . 1 0 0.0733
3300 45.4 1 . 2 0 0.0800
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D I R E C T  S H E A R  D A T A  a n d  S A M P L E  S H E A R  S T R A I N  C A L C U L A T I O N
S A M P L E :  B a r r i c k U P A  T e s t  D a t e :  1 0 - 7 - 9 2
D A T A  S E T  N U M B E R G A U G E
A N D P R E S S U R E
N O R M A L  S T R E S S L A T E R A L  R A M
(p s ig )
THIRD DATA SET 0





















0 . 0 0 . 0 0 0 . 0 0 0 0
16.5 0 . 1 0 0.0067
2 0 . 6 0.15 0 . 0 1 0 0
24.1 0 . 2 0 0.0133
26.1 0.25 0.0167










41.3 1 . 0 0 0.0667
43.3 1 . 1 0 0.0733



















S A M P L E :  B i g  S p r i n g sMS
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D I R E C T  S H E A R  D A T A  a n d  S A M P L E  S H E A R  S T R A I N  C A L C U L A T I O N
S A M P L E :  B i g  S p r i n g s - - M S  T e s t  D a t e :  1 1 - 1 0 - 9 2
D A T A  S E T  N U M B E R  G A U G E
A N D  P R E S S U R E
N O R M A L  S T R E S S  L A T E R A L  R A M
(psig)
FIRST DATA SET _ 0














SECOND DATA SET «
















S A M P L E  S A M P L E  S H E A R
S H E A R  D IS P L A C E M E N T  S T R A IN
S T R E S S
(psi) (inches)
0.0 0.00 0.0000
34 4 0.05 0.0033
48 1 0.10 0.0067
58.5 0.15 0.0100
67 4  0.20 0.0133
7 4 3  0.25 0.0167
81.8 0.30 0.0200
8 9 4  0.35 0.0233
92 8  0.40 0.0267
9 9  o 0.45 0.0300
1 0 1 . 1  0.50 0.0333
107 3  0.55 0.0367
1 H 4  0.60 0.0400
1710 0.70 0.0467
0.80 0.0533
0 . 0 0 . 0 0
0 . 0 0 0 0
24.8 0.05 0.0033
35.8 0 . 1 0 0.0067
44.0 0.15 0 . 0 1 0 0
50.2 0 . 2 0 0.0133
55.7 0.25 0.0167
60.5 0.30 0 . 0 2 0 0
64.6 0.35 0.0233







100.4 1 . 0 0 0.0667
104.5 1 . 1 0 0.0733
1 1 0 . 0 1 . 2 0
0.0800
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D I R E C T  S H E A R  D A T A  a n d  S A M P L E  S H E A R  S T R A I N  C A L C U L A T I O N
S A M P L E :  B i g  S p r i n g s  - -  M S  T e s t  D a t e :  1 1 - 1 0 - 9 2
D A T A  S E T  N U M B E R  
A N D
N O R M A L  S T R E S S
THIRD DATA SET 
47 psi Normal Stress 
Material Unsheared
GAUGE SA M PLE
PRESSU RE SH EA R






















S A M P L E S H E A R
D IS P L A C E M E N T S T R A IN
( in c h e s )
0.00 0 .0 0 0 0
0.05 0 .0033
0 .10 0 .0067
0.15 0 .0 1 0 0
0 .20 0 .0133
0.25 0 .0167
0 .30 0 .0200
0.35 0 .0233
0 .40 0 .0 2 6 7
0.45 0 .0 3 0 0
0 .50 0 .0333
0 .60 0 .0400
0 .70 0 .0467
0 .80 0 .0533
0 .90 0 .0 6 0 0
1.00 0 .0 6 6 7
1.10 0 .0733
1.20 0 .0 8 0 0
1.30 0 .0 8 6 7
1.40 0 .0933
233
S A M P L E : B i
MS 0
r i n g s
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D IR E C T SHEAR DATA and SAMPLE SHEAR STRAIN CALCULATION
SAM PLE: Big Springs MSO Test Date: 11-9-92
DATA SET NUMBER GAUGE
AND PRESSURE
NORMAL STRESS LATERAL RAM
(psig)
FIRST DATA SET 0



















0 . 0 0 . 0 0 0 . 0 0 0 0
35.8 0.05 0.0033
49.5 0 . 1 0 0.0067
59.1 0.15 0 . 0 1 0 0
6 6 . 0 0 . 2 0 0.0133
74.3 0.25 0.0167
82.5 0.30 0 . 0 2 0 0
8 8 . 0 0.35 0.0233
92.2 0.40 0.0267
96.3 0.45 0.0300






SECOND DATA SET 





















0.15 0 . 0 1 0 0
0.20 0.0133
0.25 0.0167











D I R E C T  S H E A R  D A T A  a n d  S A M P L E  S H E A R  S T R A I N  C A L C U L A T I O N
S A M P L E :  B i g  S p r i n g s  M S O  T e s t  D a t e :  1 1 - 9 - 9 2
D A T A  S E T  N U M B E R GAUGE
AND PR ESSU R E
N O R M A L  STR ESS L A T E R A L  RAM
(psig)
THIRD DATA SET 0



















0 . 0 0 . 0 0 0 . 0 0 0 0
15.1 0.05 0.0033
21.3 0 . 1 0 0.0067
26.1 0.15 0 . 0 1 0 0
30.3 0 . 2 0 0.0133
34.4 0.25 0.0167




























S A M P L E :  C a n d e l a r i a
CF
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DIRECT SHEAR DATA and SAMPLE 
SAMPLE: Candelaria -- CF
DATA SET NUMBER GAUGE
AND PRESSURE
NORMAL STRESS LATERAL RAM
(psig)
FIRST DATA SET 0



















SECOND DATA SET 0
















SH EA R  STR A IN  C A L C U L A T IO N






0.0 0 . 0 0 0.0000
35.8 0.05 0.0033
45.4 0 . 1 0 0.0067
55.0 0.15 0 . 0 1 0 0
55.7 0 . 2 0 0.0133
57.8 0.25 0.0167







6 6 . 0 0.70 0.0467
67.4 0.80 0.0533
6 8 . 8 0.90 0.0600
69.5 1 . 0 0 0.0667
71.5 1 . 1 0 0.0733
72.9 1 . 2 0 0.0800
73.6 1.30 0.0867
0.0 0 . 0 0 0.0000
27.5 0.05 0.0033
36.5 0 . 1 0 0.0067
44.0 0.15 0 . 0 1 0 0
49.5 0 . 2 0 0.0133









93.5 1 . 0 0 0.0667
97.7 1 . 1 0 0.0733
100.4 1 . 2 0 0.0800
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DIRECT SHEAR DATA and SAMPLE SHEAR STRAIN CALCULATION
SAMPLE: Candelaria -  CF Test Date: 11-11-92
DATA SET NUMBER GAUGE SAMPLE SAMPLE SHEAR
AND PRESSURE SHEAR DISPLACEMENT STRAIN
NORMAL STRESS LATERAL RAM STRESS
(psig) (psi) (inches)
47 psi Normal Stress 0 0.0 0 . 0 0 0 . 0 0 0 0
Unsheared Material 950 13.1 0.05 0.0033
1 2 0 0 16.5 0 . 1 0 0.0067
1500 2 0 . 6 0.15 0 . 0 1 0 0
1750 24.1 0 . 2 0 0.0133
1900 26.1 0.25 0.0167
2150 29.6 0.30 0 . 0 2 0 0
2250 30.9 0.35 0.0233
2400 33.0 0.40 0.0267
2450 33.7 0.45 0.0300
2500 34.4 0.50 0.0333
2650 36.5 0.60 0.0400
2850 39.2 0.70 0.0467
2850 39.2 0.80 0.0533
3100 42.6 0.90 0.0600
3250 44.7 1 . 0 0 0.0667
3250 44.7 1 . 1 0 0.0733
3300 45.4 1 . 2 0 0.0800
3350 46.1 1.30 0.0867
3500 48.1 1.40 0.0933
3500 48.1 1.50 0 . 1 0 0 0



















S A M P L E :  C a n d e l a r i a
C F F l a t
L a y i n g  P a r t i c l e s
240
DIRECT SHEAR DATA and SAMPLE SHEAR STRAIN CALCULATION 
SAMPLE: CF -  FLAT LYING PARTICLES Test Date: 3-22-93
DATA SET NUMBER GAUGE SAMPLE SAMPLE SHEAR
AND PRESSURE
NORMAL STRESS LATERAL RAM
(psig)
FIRST DATA SET 0





2 0 0 0
2 1 0 0













SECOND DATA SET 0























0 . 0 0 . 0 0 . 0 0 0 0
15.8 1 .0 0.0026




27.5 6 . 0 0.0158
28.9 7.0 0.0184
30.3 8 . 0 0 . 0 2 1 0
30.9 9.0 0.0236











0 . 0 0 . 0 0 . 0 0 0 0
11.7 1 .0 0.0026
16.8 2 . 0 0.0053
2 0 . 6 3.0 0.0079
23.4 4.0 0.0105
26.1 5.0 0.0131
27.9 6 . 0 0.0158
30.6 7.0 0.0184
32.3 8 . 0 0 . 0 2 1 0
34.4 9.0 0.0236




























S A M P L E :  C a n d e l a r i a
CF  C r o s s - G r a i n  
P a r t i c l e s
242
DATA SET NUMBER GAUGE SAMPLE SAMPLE SHEAR
D I R E C T  S H E A R  D A T A  a n d  S A M P L E  S H E A R  S T R A I N  C A L C U L A T I O N
C F  -  C R O S S  G R A I N  P A R T I C L E S  T e s t  D a t e :  3 - 2 2 - 9 3
AND PRESSURE
NORMAL STRESS ATERAL RAM
(psig)
FIRST DATA SET 0


















SECOND DATA SET 0























0 . 0 0 . 0 0 . 0 0 0 0
24.1 1 .0 0.0026




58.5 6 . 0 0.0157
60.5 7.0 0.0184
65.0 8 . 0 0 . 0 2 1 0
6 8 . 1 9.0 0.0236




96.3 2 0 . 0 0.0525




0 . 0 0 . 0 0 . 0 0 0 0
13.8 1 .0 0.0026
18.6 2 . 0 0.0052
2 2 . 0 3.0 0.0079
24.1 4.0 0.0105
26.1 5.0 0.0131
28.2 6 . 0 0.0157
29.9 7.0 0.0184
30.9 8 . 0 0 . 0 2 1 0
33.0 9.0 0.0236




























S HEAR S T R A I N
C a n d e  1 a r
PH
S A M P L E i a
2 4 4
D I R E C T  S H E A R  D A T A  a n d  S A M P L E  S H E A R  S T R A I N  C A L C U L A T I O N
S A M P L E :  C a n d e l a r i a  P H  T e s t  D a t e :  1 1 - 1 1 - 9 2
DATA SET NUMBER GAUGE SAMPLE SAMPLE
AND PRESSURE SHEAR DISPLACEMENT
NORMAL STRESS LATERAL RAM STRESS
(psig) (psi) (inches)
FIRST DATA SET 0 0 . 0 0 . 0 0
188 psi Normal Stress 2050 28.2 0.05
Unsheared Material 3100 42.6 0 . 1 0
3950 54.3 0.15







8000 1 1 0 . 0 0.60
8800 1 2 1 . 0 0.70
9200 126.5 0.75
SECOND DATA SET 0 0 . 0 0 . 0 0
117.4 psi Normal Stress 1500 2 0 . 6 0.05
Unsheared Material 2 1 0 0 28.9 0 . 1 0
2600 35.8 0.15











6250 8 6 . 0 1 . 0 0







































D I R E C T  S H E A R  D A T A  a n d  S A M P L E  S H E A R  S T R A I N  C A L C U L A T I O N
S A M P L E :  C a n d e l a r i a  P H  T e s t  D a t e :  1 1 - 1 1 - 9 2
DATA SET NUMBER 
AND
NORMAL STRESS
THIRD DATA SET 
47 psi Normal Stress 
Material Unsheared
GAUGE SAMPLE SAMPLE SHEAR
PRESSURE SHEAR DISPLACEMENT STRAIN
LATERAL RAM STRESS
(psig) (psi) (inches)
0 0 . 0 0 . 0 0 0 . 0 0 0 0
1 0 0 0 13.8 0.05 0.0033
1300 17.9 0 . 1 0 0.0067
1500 2 0 . 6 0.15 0 . 0 1 0 0
1750 24.1 0 . 2 0 0.0133
1850 25.4 0.25 0.0167
2 0 0 0 27.5 0.30 0 . 0 2 0 0
2150 29.6 0.35 0.0233
2325 32.0 0.40 0.0267
2550 35.1 0.45 0.0300
2550 35.1 0.50 0.0333
2650 36.5 0.60 0.0400
2850 39.2 0.70 0.0467
3050 42.0 0.80 0.0533
3200 44.0 0.90 0.0600
3350 46.1 1 . 0 0 0.0667
3500 48.1 1 . 1 0 0.0733
3550 48.8 1 . 2 0 0.0800



















C GSAMPLE: N e w  mo n t
247
DATA SET NUMBER GAUGE SAMPLE SAMPLE SHEAR
D I R E C T  S H E A R  D A T A  a n d  S A M P L E  S H E A R  S T R A I N  C A L C U L A T I O N
S A M P L E :  N e w m o n t  C G  T e s t  D a t e :  1 0 - 6 - 9 2
AND PRESSURE
NORMAL STRESS LATERAL RAM
(psig)
FIRST DATA SET 0















SECOND DATA SET 0
188 psi Normal Stress 650






THIRD DATA SET 0

















0 . 0 0 . 0 0 0 . 0 0 0 0
24.8 0.05 0.0033
27.5 0 . 1 0 0.0067
32.3 0.15 0 . 0 1 0 0
35.4 0 . 2 0 0.0133
39.2 0.25 0.0167









59.8 1 . 0 0 0.0667
0 . 0 0 . 0 0 0 . 0 0 0 0
8.9 0.05 0.0033
12.4 0 . 1 0 0.0067
15.1 0.15 0 . 0 1 0 0
18.6 0 . 2 0 0.0133
23.4 0.30 0 . 0 2 0 0
26.8 0.40 0.0267
£e sQ (m m )
0 . 0 0 . 0 0 . 0 0 0 0
26.1 1 . 0 0.0026




45.4 6 . 0 0.0158
48.1 7.0 0.0184
49.5 8 . 0 0 . 0 2 1 0
52.3 9.0 0.0236
53.6 1 0 . 0 0.0263





D I R E C T  S H E A R  D A T A  a n d  S A M P L E  S H E A R  S T R A I N  C A L C U L A T I O N
S A M P L E :  N e w m o n t  C G  T e s t  D a t e :  1 0 - 6 - 9 2
DATA SET NUMBER 
AND
NORMAL STRESS
FOURTH DATA SET 





(PS»g) (m m )
0 0 . 0 0 . 0
700 9.6 1 .0
900 12.4 2 . 0
1050 14.4 3.0
1 2 0 0 16.5 4.0
1250 17.2 5.0
1400 19.3 6 . 0
1500 2 0 . 6 7.0
1650 22.7 8 . 0
1750 24.1 9.0
1800 24.8 1 0 . 0
1850 25.4 1 1 . 0
2 0 0 0 27.5 1 2 . 0
2050 28.2 13.0
2150 29.6 14.0
2 2 0 0 30.3 15.0
2400 33.0 17.5















































SAMPLE:  N e w  mo n t MC
D I R E C T  S H E A R  D A T A  a n d  S A M P L E  S H E A R  S T R A I N  C A L C U L A T I O N
S A M P L E :  N e w m o n t M C
250
DATA SET NUMBER 
AND
NORMAL STRESS
FIRST DATA SET 
188 psi Normal Stress 
Unsheared Material
SECOND DATA SET 
188 psi Normal Stress 
Material Sheared Once 
Previously
THIRD DATA SET 
188 psi Normal Stress 






0 0 . 0
1500 2 0 . 6
1900 26.1











0 0 . 0
600 8.3
900 12.4
1 2 0 0 16.5
1500 2 0 . 6
1800 24.8
















0 . 0 0 . 0 0 0 0
1 . 0 0.0026




6 . 0 0.0158
7.0 0.0184
1 0 . 0 0.0263
1 2 . 0 0.0315
15.0 0.0394
17.0 0.0446
2 0 . 0 0.0525
2 2 . 0 0.0577
0 . 0 0 . 0 0 0 0
2 . 0 0.0053
5.0 0.0131
7.5 0.0197






0 . 0 0 . 0 0 0 0
2 . 0 0.0053
5.0 0.0131
1 0 . 0 0.0263
15.0 0.0394





D I R E C T  S H E A R  D A T A  a n d  S A M P L E  S H E A R  S T R A I N  C A L C U L A T I O N
S A M P L E :  N e w m o n t  M C
DATA SET NUMBER GAUGE SAMPLE SAMPLE SHEAR
AND PRESSURE SHEAR DISPLACEMENT STRAIN
NORM AL STRESS LATERAL RAM STRESS
(p s * g ) (psi) (m m )
FOURTH DATA SET 0 0.0 0.0 0.0000
188 psi Normal Stress 300 4.1 3.0 0.0079
Material Sheared 3x 350 4.8 5.0 0.0131
Previously 500 6.9 1 0 . 0 0.0263
800 1 1 . 0 15.0 0.0394
1 2 0 0 16.5 2 0 . 0 0.0525
1800 24.8 25.0 0.0656
2050 28.2 27.0 0.0709
FIFTH DATA SET 0 0.0 0 . 0 0.0000
47 psi Normal Stress 1 2 0 0 16.5 4.5 0.0118
Unsheared Material 1500 2 0 . 6 7.1 0.0186
1750 24.1 1 0 . 0 0.0263
1950 26.8 12.5 0.0328
2150 29.6 15.0 0.0394
2300 31.6 17.5 0.0459
2400 33.0 2 0 . 0 0.0525
2600 35.8 22.5 0.0591
2700 37.1 25.0 0.0656
2800 38.5 27.5 0.0722
2900 39.9 30.0 0.0787
( p s * g ) (psi) (inches)
SIXTH DATA SET 0 0 . 0 0 . 0 0 0.0000







0 . 1 0
0.0033
0.0067
1800 24.8 0.15 0 . 0 1 0 0
1900 26.1 0 . 2 0 0.0133
1975 27.2 0.25 0.0167
2 0 0 0 27.5 0.30 0 . 0 2 0 0
2 0 0 0 27.5 0.35 0.0233
2025 27.9 0.40 0.0267
2050 28.2 0.45 0.0300
2075 28.5 0.50 0.0333
2 1 0 0 28.9 0.55 0.0367
2150 29.6 0.60 0.0400
2225 30.6 0.70 0.0467
2325 32.0 0.80 0.0533
2400 33.0 0.90 0.0600
2500 34.4 1 . 0 0 0.0667
252
N e w  mo n t N DS A M P L E
253
D I R E C T  S H E A R  D A T A  a n d  S A M P L E  S H E A R  S T R A I N  C A L C U L A T I O N
S A M P L E :  N e w m o n t  N D  T e s t  D a t e :  8 - 1 4 - 9 2  a n d  1 0 - 5 - 9 2
DATA SET NUMBER 
AND
NORMAL STRESS
FIRST DATA SET 
188 psi Normal Stress 
Unsheared Material
SECOND DATA SET 
188 psi Normal Stress 
Material Sheared Once 
Previously
GAUGE SAMPLE SAMPLE SHEAR
PRESSURE SHEAR DISPLACEMENT STRAIN
LATERAL RAM STRESS
(psig) (psi) (mm)
0 0.0 0.0 0.0000
1500 2 0 . 6 0.5 0.0013
2 2 0 0 30.3 1 .0 0.0026
2950 40.6 2 . 0 0.0053
3400 46.8 3.0 0.0079
3800 52.3 4.0 0.0105
4100 56.4 5.0 0.0131
4250 58.5 6 . 0 0.0158
4425 60.9 7.0 0.0184
4700 64.6 8 . 0 0 . 0 2 1 0
4900 67.4 9.0 0.0236
5000 6 8 . 8 1 0 . 0 0.0263
5150 70.8 1 1 . 0 0.0289
5300 72.9 1 2 . 0 0.0315
5300 72.9 13.0 0.0341
5500 75.7 14.0 0.0368
5650 77.7 15.0 0.0394
5900 81.2 17.5 0.0459
6200 85.3 2 0 . 0 0.0525
6500 89.4 22.5 0.0591
6700 92.2 25.0 0.0656
6900 94.9 26.0 0.0682
6900 94.9 27.0 0.0709
7000 96.3 28.0 0.0735
(p s ig ) (psi) (m m )
0 0.0 0.0 0.0000
700 9.6 1 . 0 0.0026
850 11.7 2 . 0 0.0053
1 0 0 0 13.8 3.0 0.0079
1225 16.8 5.0 0.0131
1500 2 0 . 6 7.5 0.0197
1900 26.1 1 0 . 0 0.0263
2300 31.6 12.5 0.0328
2825 38.9 15.0 0.0394
3500 48.1 18.5 0.0486
254
D I R E C T  S H E A R  D A T A  a n d  S A M P L E  S H E A R  S T R A I N  C A L C U L A T I O N
S A M P L E :  N e w m o n t  N D  T e s t  D a t e :  8 - 1 4 - 9 2  a n d  1 0 - 5 - 9 2
DATA SET NUMBER 
AND
NORMAL STRESS
THIRD DATA SET 
117.4 psi Normal Stress 
Unsheared Material
FOURTH DATA SET 
47 psi Normal Stress 
Material Unsheared
GAUGE SAMPLE SAMPLE SHEAR
PRESSURE SHEAR DISPLACEMENT STRAIN
LATERAL RAM STRESS
(psi) (psi) (inches)
0 0 . 0 0 . 0 0 0 . 0 0 0 0
1400 19.3 0.05 0.0033
1800 24.8 0 . 1 0 0.0067
2 1 0 0 28.9 0.15 0 . 0 1 0 0
2500 34.4 0 . 2 0 0.0133
2900 39.9 0.25 0.0167
3200 44.0 0.30 0 . 0 2 0 0
3400 46.8 0.35 0.0233
3750 51.6 0.40 0.0267
3900 53.6 0.45 0.0300
4200 57.8 0.50 0.0333
4350 59.8 0.55 0.0367
4500 61.9 0.60 0.0400
5250 72.2 0.70 0.0467
5650 77.7 0.80 0.0533
6000 82.5 0.90 0.0600
6300 86.7 1 . 0 0 0.0667
6750 92.8 1 . 1 0 0.0733
(psi) (psi) (inches)
0 0 . 0 0 . 0 0 0 . 0 0 0 0
1 1 0 0 15.1 0.05 0.0033
1500 2 0 . 6 0 . 1 0 0.0067
1750 24.1 0.15 0 . 0 1 0 0
1900 26.1 0 . 2 0 0.0133
1950 26.8 0.25 0.0167
2 0 0 0 27.5 0.30 0 . 0 2 0 0
2 0 0 0 27.5 0.35 0.0233
2 2 0 0 30.3 0.40 0.0267
2350 32.3 0.45 0.0300
2500 34.4 0.50 0.0333
2750 37.8 0.55 0.0367
2800 38.5 0.60 0.0400
3100 42.6 0.70 0.0467
3350 46.1 0.80 0.0533
3500 48.1 0.90 0.0600
3700 50.9 1 . 0 0 0.0667
4000 55.0 1 . 1 0 0.0733



















S A MP L E : New mon t NDM
256
D I R E C T  S H E A R  D A T A  a n d  S A M P L E  S H E A R  S T R A I N  C A L C U L A T I O N
N e w m o n t  N D M  T e s t  D a t e :  1 0 - 6 - 9 2
DATA SET NUMBER 
AND
NORMAL STRESS
FIRST DATA SET 
188 psi Normal Stress 
Unsheared Material
SECOND DATA SET 
188 psi Normal Stress 
Material Sheared Once 
Previously
GAUGE SAMPLE SAMPLE SHEAR
PRESSURE SHEAR DISPLACEMENT STRAIN
LATERAL RAM STRESS
(p s ig ) (psi) (inches)
0 0 . 0 0 . 0 0 0 . 0 0 0 0
2 1 0 0 28.9 0.05 0.0033
3000 41.3 0 . 1 0 0.0067
3750 51.6 0.15 0 . 0 1 0 0
4200 57.8 0 . 2 0 0.0133
4800 6 6 . 0 0.25 0.0167
5500 75.7 0.30 0 . 0 2 0 0
5900 81.2 0.35 0.0233
6200 85.3 0.41 0.0273
6550 90.1 0.45 0.0300
6800 93.5 0.50 0.0333
7250 99.7 0.60 0.0400
7900 108.7 0.70 0.0467
8650 119.0 0.80 0.0533
0 0 . 0 0 . 0 0 0 . 0 0 0 0
3650 50.2 0 . 1 0 0.0067
4800 6 6 . 0 0 . 2 0 0.0133
5850 80.5 0.30 0 . 0 2 0 0
6325 87.0 0.40 0.0267
7300 100.4 0.50 0.0333
7750 106.6 0.60 0.0400
8400 115.5 0.70 0.0467
0 0 . 0 0 . 0 0 0 . 0 0 0 0
1500 2 0 . 6 0.05 0.0033
1800 24.8 0 . 1 0 0.0067
2500 34.4 0 . 2 0 0.0133
3200 44.0 0.30 0 . 0 2 0 0
3700 50.9 0.40 0.0267
4150 57.1 0.50 0.0333
4300 59.1 0.60 0.0400
4800 6 6 . 0 0.70 0.0467
5200 71.5 0.80 0.0533
THIRD DATA SET 
117.4 psi Normal Stress 
Unsheared Material
2 5 7
D I R E C T  S H E A R  D A T A  a n d  S A M P L E  S H E A R  S T R A I N  C A L C U L A T I O N
N e w m o n t  N D M  T e s t  D a t e :  1 0 - 6 - 9 2
DATA SET NUMBER GAUGE SAMPLE SAMPLE SHEAR
AND PRESSURE SHEAR DISPLACEMENT STRAIN
NORMAL STRESS LATERAL RAM STRESS
(psig) (psi) (inches)
FOURTH DATA SET 0 0 . 0 0 . 0 0 0 . 0 0 0 0
47 psi Normal Stress 700 9.6 0.05 0.0033
Unsheared Material 1 0 0 0 13.8 0 . 1 0 0.0067
1 2 0 0 16.5 0.15 0 . 0 1 0 0
1350 18.6 0 . 2 0 0.0133
1500 2 0 . 6 0.25 0.0167
1600 2 2 . 0 0.30 0 . 0 2 0 0
1650 22.7 0.35 0.0233
1850 25.4 0.40 0.0267
1925 26.5 0.50 0.0333
1900 26.1 0.60 0.0400
1975 27.2 0.70 0.0467
2150 29.6 0.80 0.0533
2250 30.9 0.90 0.0600
2350 32.3 1 . 0 0 0.0667



















S A MP L E : R o u n dMo u n t a i n  RM1
259
DIRECT SHEAR DATA and SAMPLE SHEAR STRAIN CALCULATION
SAMPLE: Round Mountain RM1 Test Date: 11-11-92
D A T A  S E T  N U M B E R G A U G E S A M P L E S A M P L E S H E A R
A N D P R E S S U R E S H E A R D IS P L A C E M E N T S T R A IN
N O R M A L  S T R E S S L A T E R A L  R A M S T R E S S
(psig) (psi) (inches)
FIRST DATA SET 0 0.0 0.00 0.0000
188 psi Normal Stress 2750 37.8 0.05 0.0033
Unsheared Material 3600 49.5 0.10 0.0067
4100 56.4 0.15 0.0100
4700 64.6 0.20 0.0133
5250 72.2 0.25 0.0167
5800 79.8 0.30 0.0200
6250 86.0 0.35 0.0233
6650 91.5 0.40 0.0267
6900 94.9 0.45 0.0300
7400 101.8 0.50 0.0333
8200 112.8 0.60 0.0400
9000 123.8 0.70 0.0467
( p s i g ) (psi) (mm)
SECOND DATA SET 0 0.0 0.0 0.0000
117.4 psi Normal Stress 1650 22.7 1.0 0.0026
Unsheared Material 2100 28.9 2.0 0.0053
2550 35.1 3.0 0.0079
2800 38.5 4.0 0.0105
3150 43.3 5.0 0.0131
3400 46.8 6.0 0.0158
3700 50.9 7.0 0.0184
4000 55.0 8.0 0.0210
4300 59.1 9.0 0.0236
4500 61.9 10.0 0.0263
4900 67.4 12.5 0.0328
5400 74.3 15.0 0.0394
5850 80.5 17.5 0.0459
6150 84.6 20.0 0.0525
6500 89.4 22.5 0.0591
6800 93.5 25.0 0.0656
7000 96.3 27.5 0.0722
260
D I R E C T  S H E A R  D A T A  a n d  S A M P L E  S H E A R  S T R A I N  C A L C U L A T I O N
S A M P L E :  R o u n d  M o u n t a i n  R M 1  T e s t  D a t e :  1 1 - 1 1 - 9 2
DATA SET NUMBER GAUGE SAMPLE SAMPLE SHEAR
AND PRESSURE SHEAR DISPLACEMENT STRAIN
NORMAL STRESS LATERAL RAM STRESS
( p s i g ) (psi) (m m )
THIRD DATA SET 0 0.0 0.0 0.0000
47 psi Normal Stress 1100 15.1 2.0 0.0053
Material Unsheared 1300 17.9 3.0 0.0079
1500 20.6 4.0 0.0105
1650 22.7 5.0 0.0131
1750 24.1 6.0 0.0158
1800 24.8 7.0 0.0184
1900 26.1 8.0 0.0210
2000 27.5 9.0 0.0236
2150 29.6 10.0 0.0263
2350 32.3 12.5 0.0328
2525 34.7 15.0 0.0394
2700 37.1 17.5 0.0459
2900 39.9 20.0 0.0525
3150 43.3 22.5 0.0591
3375 46.4 25.0 0.0656
3500 48.1 27.5 0.0722
3700 50.9 29.0 0.0761
261
S HE AR S T R A I N
S A M P L E :  R o u n dMo u n t  a i n R M2
262
D I R E C T  S H E A R  D A T A  a n d  S A M P L E  S H E A R  S T R A I N  C A L C U L A T I O N
S A M P L E :  R o u n d  M o u n t a i n  -  R M 2  T e s t  D a t e :  1 1 - 1 3 - 9 2
DATA SET NUMBER 
AND
NORMAL STRESS
FIRST DATA SET 
188 psi Normal Stress 
Unsheared Material
SECOND DATA SET 
117.4 psi Normal Stress 
Unsheared Material
GAUGE SAMPLE SAMPLE SHEAR
PRESSURE SHEAR DISPLACEMENT STRAIN
LATERAL RAM STRESS
(p s ig ) (psi) (mm)
0 0 . 0 0 . 0 0 . 0 0 0 0
1450 19.9 1 . 0 0.0026
1750 24.1 2 . 0 0.0053
1950 26.8 3.0 0.0079
2025 27.9 4.0 0.0105
2125 29.2 5.0 0.0131
2225 30.6 6 . 0 0.0158
2250 30.9 7.0 0.0184
2325 32.0 8 . 0 0 . 0 2 1 0
2350 32.3 9.0 0.0236
2400 33.0 1 0 . 0 0.0263
2525 34.7 12.5 0.0328
2650 36.5 15.0 0.0394
2775 38.2 17.5 0.0459
2900 39.9 2 0 . 0 0.0525
3050 42.0 22.5 0.0591
3200 44.0 25.0 0.0656
3300 45.4 27.0 0.0709
3400 46.8 30.0 0.0787
0 0 . 0 0 . 0 0 . 0 0 0 0
1750 24.1 1 . 0 0.0026
2 0 0 0 27.5 2 . 0 0.0053
2300 31.6 3.0 0.0079
2650 36.5 4.0 0.0105
2800 38.5 5.0 0.0131
3000 41.3 6 . 0 0.0158
3250 44.7 7.0 0.0184
3500 48.1 8 . 0 0 . 0 2 1 0
3650 50.2 9.0 0.0236
3750 51.6 1 0 . 0 0.0263
4150 57.1 12.5 0.0328
4500 61.9 15.0 0.0394
4800 6 6 . 0 17.5 0.0459
5050 69.5 2 0 . 0 0.0525
5250 72.2 22.5 0.0591
5450 75.0 25.0 0.0656
5700 78.4 27.5 0.0722
5850 80.5 30.0 0.0787
D I R E C T  S H E A R  D A T A  a n d  S A M P L E  S H E A R  S T R A I N  C A L C U L A T I O N
S A M P L E :  R o u n d  M o u n t a i n  - -  R M 2  T e s t  D a t e :  1 1 - 1 3 - 9 2
263
DATA SET NUMBER GAUGE SAMPLE SAMPLE SHEAR
AND PRESSURE SHEAR DISPLACEMENT STRAIN
NORMAL STRESS LATERAL RAM STRESS
(p s ig ) (psi) (mm)
THIRD DATA SET 0 0.0 0.0 0.0000
47 psi Normal Stress 750 10.3 1.0 0.0026
Material Unsheared 1000 13.8 2.0 0.0053
1200 16.5 3.0 0.0079
1350 18.6 4.0 0.0105
1500 20.6 5.0 0.0131
1650 22.7 6.0 0.0158
1750 24.1 7.0 0.0184
1850 25.4 8.0 0.0210
1950 26.8 9.0 0.0236
2100 28.9 10.0 0.0263
2250 30.9 12.5 0.0328
2400 33.0 15.0 0.0394
2525 34.7 17.5 0.0459
2625 36.1 20.0 0.0525
2700 37.1 22.5 0.0591



















S A MP L E : R o u n dM o u n t a i n  RM3
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D I R E C T  S H E A R  D A T A  a n d  S A M P L E  S H E A R  S T R A I N  C A L C U L A T I O N
S A M P L E :  R o u n d  M o u n t a i n  — R M 3  T e s t  D a t e :  1 1 - 1 2 - 9 2
DATA SET NUMBER 
AND
NORMALSTRESS
FIRST DATA SET 
188 psi Normal Stress 
Unsheared Material
SECOND DATA SET 
117.4 psi Normal Stress 
Unsheared Material
GAUGE SAMPLE SAMPLE SHEAR
PRESSURE SHEAR DISPLACEMENT STRAIN
LATERAL RAM STRESS
(psig) (psi) (mm)
0 0.0 0.0 0.0000
2 0 0 0 27.5 1 . 0 0.0026
2550 35.1 2 . 0 0.0053
2950 40.6 3.0 0.0079
3250 44.7 4.0 0.0105
3450 47.5 5.0 0.0131
3625 49.9 6 . 0 0.0158
3800 52.3 7.0 0.0184
4000 55.0 8 . 0 0 . 0 2 1 0
4150 57.1 9.0 0.0236
4275 58.8 1 0 . 0 0.0263
4600 63.3 12.5 0.0328
5000 6 8 . 8 15.0 0.0394
5350 73.6 17.5 0.0459
5675 78.1 2 0 . 0 0.0525
6025 82.9 22.5 0.0591
6450 88.7 25.0 0.0656
6650 91.5 27.0 0.0709
6900 94.9 29.0 0.0761
0 0 . 0 0 . 0 0 . 0 0 0 0
1 1 0 0 15.1 1 . 0 0.0026
1600 2 2 . 0 2 . 0 0.0053
1950 26.8 3.0 0.0079
2275 31.3 4.0 0.0105
2550 35.1 5.0 0.0131
2900 39.9 6 . 0 0.0158
3200 44.0 7.0 0.0184
3400 46.8 8 . 0 0 . 0 2 1 0
3600 49.5 9.0 0.0236
3825 52.6 1 0 . 0 0.0263
4300 59.1 12.5 0.0328
4700 64.6 15.0 0.0394
5125 70.5 17.5 0.0459
5500 75.7 2 0 . 0 0.0525
5800 79.8 22.5 0.0591
6025 82.9 25.0 0.0656
6350 87.3 27.5 0.0722
6600 90.8 29.0 0.0761
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D I R E C T  S H E A R  D A T A  a n d  S A M P L E  S H E A R  S T R A I N  C A L C U L A T I O N
S A M P L E :  R o u n d  M o u n t a i n - - R M 3  T e s t  D a t e :  1 1 - 1 2 - 9 2
DATA SET NUMBER GAUGE SAMPLE SAMPLE SHEAR
AND PRESSURE SHEAR DISPLACEMENT STRAIN
NORMALSTRESS LATERAL RAM STRESS
(p s ig ) (psi) (mm)
THIRD DATA SET 0 0.0 0.0 0.0000
47 psi Normal Stress 650 8.9 1.0 0.0026
Material Unsheared 875 12.0 2.0 0.0053
1000 13.8 3.0 0.0079
1200 16.5 4.0 0.0105
1350 18.6 5.0 0.0131
1500 20.6 6.0 0.0158
1600 22.0 7.0 0.0184
1725 23.7 8.0 0.0210
1800 24.8 9.0 0.0236
1900 26.1 10.0 0.0263
2075 28.5 12.5 0.0328
2250 30.9 15.0 0.0394
2400 33.0 17.5 0.0459
2500 34.4 20.0 0.0525
2675 36.8 22.5 0.0591
2900 39.9 25.0 0.0656
3150 43.3 27.5 0.0722
3700 50.9 29.0 0.0761
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Appendix C









Big Springs M S C.5.
M SO C.6.





N D M C.12.
Round Mtn R M l C.13.
RM2 C.14.
Rm3 C.15.
NOTE: In the lower half of each figure in this appendix the horizontal 
axis is non-dimensional. The confining pressure (psi) is divided 
by atmospheric pressure (14.7 psi), which is designated Pa^ 
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Figure C.8. Strength Diagrams
Sample: PH
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Figure C.15. Strength Diagrams
Sample: RM3
Appendix D




















APPENDIX D DISCUSSION: ACCURACY AND ERRORS 
Constrained Modulus
Caliper (gap) measurements are estimated to be accurate to ±0.0lcm or 
approximately ± 0.004 inches. There are 2 gap measurements (absolute error is sum of 
individual absolute errors, rounded to ± 0.01 inches) added to the box measurements 
(absolute error=± 0.05 inches), so the absolute error of the total box measurement is 
approximately 0.01+0.05=0.06 inches, plus or minus. Typical box measurement is 16 
inches, so relative error of total height is 0.06/16=0.0037, rounded to 0.004. The strain is 
the difference between two gap measurements divided by the total box dimension, so total 
absolute error for the change in gap is 2 x (± 0.01 ) = ± 0.02, and relative error for the 
gap is 0.02/2 = 0.01 (2-inches is typical total gap measurement). This leads to maximum 
relative error of 0.004 + 0.01 = 0.014, rounded to 0.01 for strain. Take this times typical 
strain of 0.01, produces total absolute error in strain of ±0.0001. Therefore the strain 
values in spreadsheets are shown to 4 decimal places.
Readings are taken on pressure gauges with estimated accuracy of ±25 psig (not the 
gauge accuracy itself, which is much better). This translates to approximately ±0.1 psi 
shear stress on the sample. Typical normal stress reading at the beginning of a test is 23.5 
psi, so relative error is 0.01/23.5=0004. The ratio of normal stress over normal strain is 
the constrained modulus (M). The maximum relative error of M is 
0.0001+0.0004=0.0005. Following the above example, value of typical M is 
23.5/0.01=2350 psi. Therefore total absolute error is 2350 x .0005 = 1.2. Values of M in 
the spreadsheets will be shown to the nearest 10.
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Table D.la.
CONSTRAINED MODULUS AND YOUNG'S MODULUS
YOUNG S MODULUS "E" FOR 
VARIOUS VALUES OF POISSON’S RATIO
PART OF CONSTRAINED
SAMPLE GRAPH MODULUS (psi) v =.2 v =.25 v =.3 v =.35 v =.4 v =.45
U P L ow er 2 0 8 0 1870 1730 1550 1300 9 7 0 5 5 0
U P U pper 3 9 9 0 35 9 0 3330 2 9 7 0 2 4 9 0 1860 105 0
C G L ow er (8k ) 1510 1360 1260 1120 9 4 0 7 0 0 4 0 0
C G L o w er (6k ) 1770 1590 1470 1310 1102 8 3 0 4 7 0
C G U pper 2 4 0 0 2 1 6 0 200 0 1780 1500 1120 6 3 0
N D A ll (6k ) 3 5 1 0 316 0 2930 2 6 1 0 2 1 9 0 1640 9 3 0
N D L o w er (8k ) 2 5 1 0 226 0 2090 1860 1560 11 7 0 6 6 0
N D U p p er (8k) 3 7 5 0 337 0 3120 2 7 8 0 2 3 3 0 1750 990
M C A ll (5k ) 1370 1240 1150 1020 8 6 0 6 4 0 360
M C A ll (8k) 2 3 6 0 212 0 1960 1750 1460 1100 6 2 0
B M A ll (5k ) 2 2 6 0 203 0 1880 1680 1410 1050 5 9 0
B M A ll (8k ) 2 0 5 0 1840 1710 1520 1280 9 6 0 540
U P A L ow er 2 3 5 0 2 1 1 0 1950 1740 1460 109 0 6 2 0
U P A U pper 4 5 1 0 4 0 6 0 3760 3 3 5 0 2 8 1 0 2 1 1 0 1190
N D M L ow er 1630 1470 1360 12 1 0 1020 7 6 0 4 3 0
N D M U pper 5 3 1 0 4 7 8 0 442 0 3 9 4 0 3 3 1 0 2 4 8 0 1400
G L ow er 2 4 7 0 22 2 0 206 0 1830 1540 1150 6 5 0
G U pper 4 0 2 0 36 2 0 3350 2 9 8 0 2 5 0 0 1880 1060
M S L ow er 4 0 7 0 3670 34003 3 0 3 0 2 5 4 0 1900 1070
M S U pper 5 6 5 0 50 9 0 471 0 4 2 0 0 3 5 2 0 2 6 4 0 1490
M S O L ow er 2 7 9 0 2 5 1 0 2330 2 0 8 0 1740 13 0 0 7 4 0
M S O U pper 3 6 7 0 33 0 0 3060 2 7 2 0 2 2 8 0 1710 9 7 0
R M 1 O verall 2 1 3 0 1920 1770 1580 1330 9 9 0 5 6 0
R M 2 L ow er 1080 980 900 8 0 0 6 7 0 5 1 0 2 9 0
R M 2 U pper 1370 1240 1140 1020 8 5 0 6 4 0 3 6 0
R M 3 L o w er 1620 1460 1350 1210 1010 7 6 0 4 3 0
R M 3 U pper 3 4 7 0 312 0 28 9 0 2 5 8 0 2 1 6 0 1620
9 1 0
C F L o w er 1920 1730 1600 1430 12001 9 0 0
510
C F U pper 3 2 2 0 289 0 26 8 0 2 3 9 0 2 0 0 0 150 0
850
PH L ow er 2 3 7 0 2 1 3 0 1980 1760 1480
1100 6 2 0
P H U pper 3 6 4 0 327 0 3030 2 7 0 0 2 2 7 0
170 0 9 6 0
Note: All modulus values in psi; based on analysis in Appendix D, values in table
are accurate to  ±10 psi.
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Table D.lb.
CONSTRAINED MODULUS AND BULK MODULUS
BULK MODULUS "K" FOR VARIOUS 





v =.2 v =.25 v =.3 II w Ui v =.4 < ji 4* U\
U P Lower 2 0 8 0 1040 1160 1290 1440 1620 1830
U P U pper 3 9 9 0 2000 2 2 2 0 2 4 7 0 2 7 7 0 3 1 1 0 3 5 1 0
C G L ow er (8k ) 1510 760 840 9 3 0 1050 1170 1330
C G ' L ow er (6k ) 1770 880 980 1090 1220 1380 1550
C G U pper (both) 2 4 0 0 1200 1330 1490 1660 1870 2 1 1 0
N D A ll (6k ) 3 5 1 0 1760 1950 2 1 7 0 2 4 3 0 2 7 3 0 3 0 9 0
N D L ow er (8k ) 2 5 1 0 1250 1390 1550 1740 1950 2 2 1 0
N D U pper (8k ) 3 7 4 0 1870 2 0 8 0 2 3 2 0 2 5 9 0 2 9 1 0 3 2 9 0
M C A ll (5k ) 1370 690 7 6 0 8 5 0 950 1070 1210
M C A ll (8k ) 2 3 6 0 1170 1310 1460 1630 18 3 0 2 0 7 0
B M A ll (5k) 2 2 6 0 1130 1250 1400 1560 17 5 0 1980
B M A ll (8k) 2 0 5 0 1020 1140 1270 1420 1590 1800
U P A L ow er 2 3 5 0 1170 1300 1450 1620 1820 2 0 6 0
U P A U pper 4 5 1 0 226 0 25 1 0 2 7 9 0 3 1 2 0 3 5 1 0 3 9 7 0
N D M L ow er 1630 810 910 1010 1130 1270 1430
N D M U pper 5 3 1 0 2650 2 9 5 0 3 2 9 0 3 6 8 0 4 1 3 0 4 6 7 0
G L ow er 2 4 7 0 1230 1370 1530 1710 1920 2 1 7 0
G U pper 4 0 2 0 2010 223 0 2 4 9 0 2 7 8 0 3 1 3 0 3 5 3 0
M S L ow er 4 0 7 0 2040 226 0 2 5 2 0 2 8 2 0 3 1 7 0 3 5 8 0
M S U pper 5 6 5 0 2830 314 0 3 5 0 0 3 9 1 0 4 4 0 0 4 9 7 0
M S O L ow er 2 7 9 0 1400 1550 1730 1930 2 1 7 0 2 4 5 0
M S O U pper 3 6 7 0 1830 2 0 4 0 2 2 7 0 2 5 4 0 2 8 5 0 3 2 2 0
R M 1 O verall 2 1 3 0 1060 1180 1320 1470 1660 1870
R M 2 L ow er 1080 540 6 0 0 6 7 0 7 5 0 843 9 5 0
R M 2 U pper 1370 690 7 6 0 8 5 0 9 5 0 1070 1210
R M 3 L ow er 1620 810 902 1000 1120 1260 1430
R M 3 U pper 3 4 7 0 1730 1930 2 1 5 0 2 4 0 0 2 7 0 0 3 0 5 0
CF Low'er 1920 960 1070 1190 1330 1490 1690
CF U pper 3 2 2 0 1610 1790 1990 2 2 3 0 2 5 0 0
2 8 3 0
PH L ow er 2 3 7 0 1180 1320 1470 1640 184 0
2 0 8 0
PH U pper 3 6 4 0 1820 2 0 2 0 2 2 5 0 2 5 2 0 2 8 3 0
3 2 0 0
Note: All modulus values in psi; based on analysis in Appendix D., values in table





















C O N S T R A I N E D  MODULUS  
S A MP L E :  B M
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CORNER GAPS AVERAGE 
(Top over Middle, in centimeters) GAP 







0 0.0 3.31 2.40 2.50 3.34 4.51 16.15 0.0E+00
1.54 1.25 1.76 1.95
1000 23.5 3.10 2.18 2.36 3.22 4.11 15.99 9.9E-03
1.40 1.17 1.16 1.84
2000 46.9 2.69 1.76 2.12 3.07 3.69 15.83 2.0E-02
1.14 0.96 1.41 1.60
3000 70.4 2.41 1.45 1.94 2.86 3.23 15.65 3.1E-02
0.93 0.75 1.21 1.37
4000 93.9 2.16 1.24 1.76 2.13 2.72 15.45 4.4E-02
0.75 0.58 1.06 1.21
5000 117.4 1.86 1.08 1.64 2.03 2.38 15.31 5.2E-02
0.60 0.38 0.86 1.06
SAMPLE: BM SECOND DATA SET
TOTAL
VERTICAL SAMPLE CORNER GAPS AVERAGE SAMPLE SAMPLE
RAM-GAUGE NORMAL (Top over Middle, in centimeters) GAP THICKNESS STRAIN
PRESSURE STRESS 1 2 3 4 (cm) (inches)
(psig) (psi)
0 0.0 3.40 3.39 3.56 3.25 5.11 16.39
1.40 2.05 1.43 1.96
1000 23.5 3.04 3.27 3.29 3.05 4.77 16.25 8.1E-03
1.31 1.31 1.94 1.88
2000 46.9 2.54 2.75 2.92 2.71 4.06 15.97 2.5E-02
1.06 1.06 1.59 1.61
4000 93.9 1.94 2.26 1.88 2.24 3.07 15.58 4.9E-02
0.67 1.32 0.73 1.22
6000 140.8 1.32 1.33 1.91 1.86 2.30 15.28 6.8E-02
0.42 0.47 1.00 0.88
8000 187.8 0.96 1.01 1.66 1.55 1.30 14.88 9.2E-02
0.33 0.33 0.84 0.78
** NOTE: Strain equals total change in sample thickness 




















C O N S T R A I  NE D M O D U L U S  
S A MP L E : B a r r  i c k  G
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L O A D  - D E F L E C T I O N  D A T A










(Top over Middle, in centimeters) 










0 0 2.73 2.39 2.01 2.31 3.74 15.79 0
1.36 1.19 0.95 2.03
1000 23.47 2.36 2.20 1.88 1.93 3.63 15.74 2.93E-03
1.24 0.99 1.85 2.05
2000 46.94 1.98 2.00 1.78 1.70 3.20 15.57 1.37E-02
1.14 0.70 1.55 1.93
3000 70.42 1.67 1.81 1.68 1.50 2.80 15.42 2.35E-02
1.00 0.49 1.29 1.76
4000 93.89 1.48 1.64 1.57 1.35 2.48 15.29 3.15E-02
0.86 0.32 1.10 1.60
5000 117.36 1.30 1.48 1.51 1.25 2.20 15.18 3.85E-02
0.74 0.15 0.88 1.49
6500 152.57 1.08 1.20 1.35 1.17 1.90 15.06 4.61E-02
0.63 0.12 0.74 1.29
8000 187.78 1.11 1.20 1.35 1.12 1.85 15.04 4.71E-02
0.60 0.10 0.73 1.26
**NOTE: Strain  equals total change in sam ple  th ick n ess




















C O N S T R A I N E D  MODULUS
SAMPL E : B a r r  i c k UP
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L O A D  - D E F L E C T I O N  D A T A










(Top over Middle, in centimeters) 










0 0 3.31 3.26 3.78 3.71 5.21 16.36 0
1.42 1.31 2.00 2.03
1000 23.47 2.98 3.10 3.57 3.44 4.85 16.22 8.62E-03
1.28 1.15 1.90 1.97
2000 46.94 2.65 2.81 3.24 3.04 4.29 16.00 2.21E-02
1.01 0.83 1.73 1.84
3000 70.42 2.34 2.60 2.98 2.66 3.81 15.81 3.36E-02
0.83 0.65 1.52 1.65
4000 93.89 2.09 2.38 2.38 2.46 3.33 15.62 4.51E-02
0.71 0.53 1.33 1.44
5000 117.36 1.86 2.15 2.67 2.31 3.10 15.53 5.07E-02
0.55 0.43 1.17 1.25
6500 152.57 1.59 1.97 2.45 2.00 2.68 15.37 6.09E-02
0.36 0.28 1.01 1.04
8000 187.78 1.37 1.69 2.20 1.82 2.36 15.24 6.86E-02
0.20 0.25 0.97 0.92
*  *N O T E : Strain  eq u a ls total change in sam ple  th ickness




















C O N S T R A I N E D  MODULUS
S AMP L E :  B a r  r i c k  UPA
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L O A D  - D E F L E C T I O N  D A T A










(Top over Middle, in centimeters) 










0 0 2.53 2.79 2.44 2.14 4.17 15.95 0
1.37 1.36 2.03 2.02
1000 23.47 2.37 2.63 2.17 1.99 3.88 15.84 7.28E-03
1.18 1.16 2.01 1.99
2000 46.94 2.17 2.33 1.95 1.74 3.43 15.66 1.84E-02
0.98 0.90 1.84 1.79
3000 70.42 1.97 2.09 1.77 1.65 2.96 15.48 2.98E-02
0.79 0.79 1.18 1.61
4000 93.89 1.84 1.87 1.65 1.55 2.81 15.42 3.35E-02
0.66 0.70 1.54 1.44
5000 117.36 1.71 1.71 1.54 1.50 2.59 15.33 3.89E-02
0.56 0.61 1.43 1.31
6500 152.57 1.43 1.45 1.33 1.32 2.17 15.17 4.95E-02
0.39 0.43 1.20 1.11
8000 187.78 1.25 1.24 1.23 1.17 1.91 15.06 5.58E-02
0.33 0.32 1.10 0.99
**NOTE: Strain  eq u a ls total change in sam ple th ickness




















C O N S T R A I N E D  MODULUS
S AMP L E :  MS
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L O A D  - D E F L E C T I O N  D A T A










(Top over Middle, in centimeters) 










0 0 3.74 3.64 3.64 3.70 5.11 16.32 0
1.43 1.31 1.45 1.51
1000 23.47 3.58 3.50 3.57 3.62 4.92 16.25 4.40E-03
1.36 1.25 1.42 1.39
2000 46.94 3.37 3.30 3.43 3.48 4.63 16.14 1.14E-02
1.24 1.16 1.29 1.26
3000 70.42 3.14 3.10 3.34 3.43 4.39 16.04 1.72E-02
1.14 1.10 1.17 1.15
4000 93.89 2.93 2.88 3.28 3.36 4.15 15.95 2.30E-02
1.04 1.05 1.07 1.00
5000 117.36 2.74 2.67 3.20 3.27 3.91 15.85 2.88E-02
0.93 0.96 0.98 0.89
6000 140.83 2.61 2.52 3.10 3.21 3.72 15.78 3.33E-02
0.86 0.95 0.90 0.74
7000 164.30 2.45 2.37 3.05 3.17 3.57 15.72 3.71E-02
0.77 0.97 0.84 0.64
8000 187.78 2.36 2.32 2.87 3.07 2.66 15.36 5.91E-02
0.64 0.72 0.75 0.58
**NOTE: Strain  equ als total change in sam ple  th ickness




















C O N S T R A I  NED MODULUS
S AMP L E :  MS 0
300
L O A D  - D E F L E C T I O N  D A T A










(Top over Middle, in centimeters) 










0 0 4.24 3.36 2.23 3.20 4.65 16.14 0
1.42 1.33 1.45 1.38
10.00 23.47 4.10 3.15 2.14 3.05 4.39 16.04 6.52E-03
1.30 1.24 1.26 1.30
2000 46.94 3.76 2.91 2.04 2.83 3.96 15.87 1.68E-02
1.13 1.00 1.05 1.13
3000 70.42 3.49 2.71 1.93 2.69 3.62 15.74 2.52E-02
0.97 0.89 0.86 0.94
4000 93.89 3.33 2.47 1.82 2.58 3.32 15.62 3.26E-02
0.82 0.81 0.73 0.71
5000 117.36 3.10 2.25 1.74 2.54 3.05 15.51 3.92E-02
0.72 0.72 0.56 0.55
6000 140.83 2.89 2.14 1.64 2.30 2.79 15.41 4.54E-02
0.63 0.62 0.47 0.48
7000 164.30 2.74 2.03 1.54 2.25 2.63 15.35 4.94E-02
0.56 0.51 0.44 0.43
8000 187.78 2.47 1.82 1.47 2.10 1.97 15.09 6.55E-02
0.48 0.50 0.40 0.37
* *N O T E : Strain  equ als total change in sam ple th ick n ess




















C O N S T R A I  NED MODUL US
S AMP L E :  CF
302
L O A D  - D E F L E C T I O N  D A T A










(Top over Middle, in centimeters) 










0 0 4.96 3.81 2.95 4.05 5.92 16.64 0
1.97 1.95 2.00 1.97
1000 23.47 4.60 3.56 2.95 3.96 5.66 16.54 6.09E-03
1.86 1.82 1.93 1.95
2000 46.94 4.29 3.13 2.54 3.62 4.98 16.27 2.21E-02
1.43 1.54 1.74 1.64
3000 70.42 3.80 2.93 2.35 3.20 4.41 16.05 3.57E-02
1.20 1.17 1.48 1.50
4000 93.89 3.53 2.67 2.14 2.97 3.85 15.83 4.89E-02
0.88 0.83 1.16 1.21
5000 117.36 3.20 2.30 2.00 2.82 3.32 15.62 6.13E-02
0.66 0.60 0.83 0.88
6000 140.83 2.80 1.94 1.88 2.64 2.82 15.42 7.33E-02
0.55 0.43 0.51 0.51
7000 164.30 2.54 1.65 1.63 2.42 2.50 15.30 8.08E-02
0.52 0.28 0.35 0.60
8000 187.78 2.26 1.50 1.36 2.20 2.20 15.18 8.79E-02
0.44 0.21 0.3 0.52
*  *N O T E : Strain  eq u a ls total change in sam ple th ick n ess




















C O N S T R A I N E D  MODULUS
S A M P L E :  PH
304
L O A D  - D E F L E C T I O N  D A T A










(Top over Middle, in centimeters) 










0 0 3.55 3.65 3.70 3.66 5.63 16.53 0
2.03 2.00 1.99 1.95
10.00 23.47 3.21 3.25 3.51 3.47 5.29 16.39 8.28E-03
1.97 1.94 1.92 1.87
2000 46.94 2.85 2.85 3.23 3.21 4.85 16.22 1.86E-02
1.84 1.89 1.80 1.73
3000 70.42 2.55 2.50 2.97 2.89 4.39 16.04 2.97E-02
1.70 1.72 1.65 1.56
4000 93.89 2.32 2.32 2.75 2.83 4.07 15.92 3.72E-02
1.56 1.62 1.50 1.38
5000 117.36 2.15 2.14 2.62 2.69 3.81 15.81 4.35E-02
1.44 1.50 1.41 1.28
6000 140.83 2.03 2.00 2.47 2.54 3.55 15.71 4.97E-02
1.30 1.37 1.30 1.18
7000 164.30 1.89 1.86 2.34 2.41 3.30 15.61 5.55E-02
1.19 1.27 1.19 1.06
8000 187.78 1.79 1.76 2.24 2.28 2.02 15.11 8.61E-02
1.09 1.14 1.12 1.00
* *N O T E : Strain  eq u a ls total change in sam ple th ick n ess




















NORMAL S T R A I N
C O N S T R A I  NE D M O D U L U S  
S A MP L E : N e w  mo n t  C G
306
L O A D  - D E F L E C T I O N  D A T A









CORNER GAPS AVERAGE 
(Top over Middle, in centimeters) GAP 







0 0 2.85 3.12 3.46 3.16 4.81 14.70 0
1.34 1.34 1.98 1.97
1000 23.47 2.52 2.84 3.20 2.80 4.32 14.51 1.31E-02
1.14 1.09 1.82 1.85
2000 46.94 2.21 2.50 2.85 2.51 3.67 14.25 3.05E-02
0.84 0.79 1.47 1.49
3000 70.42 1.76 2.00 2.60 2.32 3.07 14.02 4.66E-02
0.62 0.62 1.17 1.17
4000 93.89 1.51 1.72 2.42 2.20 2.70 13.87 5.63E-02
0.48 0.48 1.00 1.00
5000 117.36 1.30 1.42 2.20 2.01 2.31 13.72 6.69E-02
0.34 0.35 0.80 0.81
6500 152.57 1.00 1.09 1.94 1.81 1.93 13.57 7.71E-02
0.28 0.26 0.67 0.66
8000 187.78 0.99 1.09 1.78 1.80 1.88 13.55 7.85E-02
0.27 0.26 0.65 0.66
SAMPLE: CG SECOND DATA SET
TOTAL
VERTICAL SAMPLE CORNER GAPS AVERAGE SAMPLE SAMPLE
RAM-GAUGE NORMAL (Top over Middle, in centimeters) GAP THICKNESS STRAIN
PRESSURE STRESS 1 2  3 4 (cm) (inches)
(psig) (psi)
0 0 2.90 3.12 3.44 3.16 4.66 16.21 0
1.70 1.57 1.33 1.41
1500 35.21 2.38 2.62 2.90 2.64 3.89 15.91 1.87E-02
1.43 1.32 1.09 1.17
3000 70.42 1.84 2.06 2.33 2.09 3.02 15.56 3.98E-02
1.10 1.02 0.80 0.83
4500 105.62 1.44 1.70 1.95 1.68 2.37 15.31 5.57E-02
0.80 0.75 0.57 0.57
6000 140.83 1.07 1.40 1.57 1.24 1.81 15.09 6.91E-02
0.55 0.52 0.44 0.46
** NOTE: Strain equals total change in sample thickness
divided by original sample thickness
Bottom of shear box filled with 1.5 inch spacer 




















C O N S T R A I N E D  MODULUS
S AMP L E :  MC
308
VERTICAL SAMPLE CORNER GAPS AVERAGE TOTAL SAMPLE
RAM-GAUGE NORMAL (Top over Middle, in centimeters) GAP SAMPLE STRAIN
PRESSURE STRESS 1 2 3 4 (cm) THICKNESS
(PS'S) (psi) (inches)
L O A D  - D E F L E C T I O N  D A T A
S A M P L E :  M C  F I R S T  D A T A  S E T
0 0 1.57 1.80 2.29 1.98 3.72 15.79 0
1.62 1.66 2.01 1.93
1500 35.21 1.11 1.34 1.65 1.47 2.97 15.50 1.87E-02
1.37 1.46 1.76 1.70
30.00 70.42 1.73 1.24 0.90 1.05 2.53 15.33 2.95E-02
1.15 1.42 1.20 1.43
5000 117.36 0.43 0.80 0.93 0.58 1.82 15.05 4.72E-02
0.93 1.16 1.19 1.27
8000 187.78 0.43 0.92 0.56 0.79 1.72 15.01 4.99E-02












CORNER GAPS AVERAGE 
(Top over Middle, in centimeters) GAP 






0 0 2.67 2.48 2.70 2.96 4.18 15.96 0
1.18 1.21 1.81 1.70
1000 23.47 2.14 1.84 2.36 2.69 3.41 15.65 1.91E-02
0.86 0.91 1.45 1.37
2000 46.94 1.47 1.31 2.06 2.23 2.65 15.36 3.77E-02
0.76 0.62 1.03 1.12
3000 70.42 1.07 0.91 1.74 1.92 2.10 15.14 5.12E-02
0.60 0.44 0.82 0.91
4000 93.89 0.70 0.70 1.57 1.71 1.78 15.01 5.92E-02
0.52 0.42 0.70 0.80
5000 117.36 0.80 0.70 1.58 1.68 1.76 15.00 5.97E-02
0.50 0.36 0.70 0.71
* *N O T E : S tra in  equ als total change in sam ple th ick n ess




















C O N S T R A I N E D  MODULUS
S AMP L E :  N e w m o n t  ND
310
L O A D  - D E F L E C T I O N  D A T A










(Top over Middle, in centimeters) 










0 0 2.58 2.73 2.86 2.69 4.48 16.14 0
1.46 1.45 2.08 2.08
1000 23.47 2.28 2.53 2.70 2.41 4.17 16.01 7.74E-03
1.38 1.33 2.01 2.02
20.00 46.94 2.00 2.16 2.35 2.21 3.70 15.83 1.92E-02
1.15 1.15 1.92 1.84
3000 70.42 1.83 1.96 2.05 1.96 3.31 15.68 2.86E-02
0.92 1.00 1.81 1.71
4000 93.89 1.60 1.67 1.90 1.77 2.95 15.54 3.74E-02
0.74 0.86 1.73 1.52
5000 117.36 1.41 1.50 1.75 1.70 2.66 15.42 4.45E-02
0.57 0.70 1.58 1.42
6000 140.83 1.68 1.36 1.67 1.60 2.53 15.37 4.77E-02
0.50 0.56 1.44 1.30
7000 164.30 1.07 1.25 1.54 1.46 2.18 15.23 5.62E-02
0.42 0.45 1.33 1.20
8000 187.78 0.92 1.07 1.48 1.39 1.22 14.85 7.97E-02
0.33 0.39 1.20 1.05











(Top over Middle, in centimeters) 









0 0 4.23 3.82 2.09 2.46 4.99 16.28 0
1.47 1.88 2.24 1.76
1000 23.47 4.14 3.72 2.04 2.37 4.79 16.20 4.84E-03
1.38 1.71 2.10 1.69
2000 46.94 3.95 3.50 1.94 2.30 4.46 16.07 1.29E-02
1.07 1.44 2.03 1.59
3000 70.42 3.70 3.37 1.89 2.10 4.15 15.95 2.02E-02
0.95 1.25 1.88 1.47
4000 93.89 3.33 3.19 1.81 2.00 3.84 15.83 2.77E-02
0.83 1.11 1.69 1.41
5000 117.36 3.17 2.94 1.75 2.00 3.61 15.73 3.34E-02
0.70 1.01 1.61 1.25
* *N O T E : S tra in  eq u a ls total change in sam ple th ick n ess




















C O N S T R A I N E D  M O D U L U S  
S A MP L E : N e w  mo n t  N D M
312
L O A D  - D E F L E C T I O N  D A T A









CORNER GAPS AVERAGE 
(Top over Middle, in centimeters) GAP 







0 0 2.17 2.12 1.77 1.72 3.26 15.59 0
1.35 1.20 1.83 0.86
10.00 23.47 1.82 1.87 1.59 1.45 3.12 15.54 3.41E-03
1.14 1.03 1.72 1.86
2000 46.94 1.31 1.44 1.26 1.11 2.53 15.31 1.84E-02
0.91 0.84 1.61 1.63
3000 70.42 1.13 1.26 1.10 0.99 1.98 15.09 3.22E-02
0.70 0.74 1.54 0.46
4000 93.89 1.00 1.14 0.99 0.86 1.93 15.07 3.36E-02
0.53 0.50 1.37 1.31
6500 152.57 0.61 0.89 0.73 0.51 1.36 14.85 4.78E-02
0.30 0.36 1.12 0.93
8000 187.78 0.36 0.66 0.64 0.39 1.10 14.75 5.43E-02
0.30 0.30 1.01 0.75
**NOTE: Strain equals total change in sample thickness 




















C O N S T R A I  NED MODULUS
S AMP L E :  RM1
314
L O A D  - D E F L E C T I O N  D A T A










(Top over Middle, in centimeters) 










0 0 3.59 3.26 3.88 4.19 5.77 16.58 0
2.06 2.05 2.02 2.01
1000 23.47 3.30 2.95 3.77 4.08 5.49 16.47 6.53E-03
1.98 1.94 1.99 1.95
2000 46.94 3.00 2.60 3.49 3.91 5.03 16.29 1.75E-02
1.76 1.80 1.80 1.75
3000 70.42 2.78 2.30 3.22 3.64 4.51 16.09 2.97E-02
1.46 1.54 1.61 1.50
4000 93.89 2.67 2.16 2.96 3.43 4.16 15.95 3.80E-02
1.24 1.31 1.48 1.40
5000 117.36 2.54 1.93 2.76 3.24 3.54 15.71 5.29E-02
1.01 1.10 0.31 1.26
6000 140.83 2.45 1.84 2.59 3.06 3.49 15.69 5.40E-02
0.83 0.86 1.17 1.16
7000 164.30 2.34 1.74 2.43 2.89 3.22 15.58 6.04E-02
0.68 0.68 1.07 1.05
8000 187.78 2.26 1.63 2.26 2.81 2.24 15.19 8.37E-02
0.50 0.50 0.94 0.97
**NOTE: Strain equals total change in sample thickness



















C O N S T R A I  NED MODULUS
S AMP L E :  R M2
316
L O A D  - D E F L E C T I O N  D A T A









CORNER GAPS AVERAGE 
(Top over Middle, in centimeters) GAP 







0 0 3.56 3.96 3.16 2.26 5.12 16.33 0
1.87 1.64 1.94 2.10
1000 23.47 3.11 3.57 2.86 2.37 4.51 16.09 1.48E-02
1.57 1.36 1.27 1.92
2000 46.94 2.36 2.85 2.24 1.73 3.33 15.62 4.33E-02
0.82 0.64 1.28 1.38
3000 70.42 1.84 2.34 1.87 1.39 2.52 15.31 6.27E-02
0.44 0.30 0.90 1.00
4000 93.89 1.36 1.82 1.55 1.12 1.91 15.06 7.75E-02
0.33 0.18 0.61 0.66
5000 117.36 1.26 1.62 1.46 1.06 1.77 15.01 8.09E-02
0.32 0.18 0.54 0.63
**NOTE: Strain equals total change in sample thickness




















C O N S T R A I  NED MODULUS
S AMP L E :  RM3
318
L O A D  - D E F L E C T I O N  D A T A










(Top over Middle, in centimeters) 










0 0 3.46 3.53 2.69 2.57 4.98 16.27 0
1.87 1.91 1.99 1.88
1000 23.47 3.12 3.13 2.37 2.28 4.44 16.06 1.29E-02
1.55 1.69 1.83 1.79
2000 46.94 2.70 2.77 2.01 1.87 3.71 15.77 3.07E-02
1.23 1.23 1.51 1.50
3000 70.42 2.47 2.54 1.80 1.65 3.18 15.56 4.34E-02
0.90 0.88 1.27 1.21
4000 93.89 2.25 2.34 1.63 1.48 2.75 15.40 5.38E-02
0.60 0.60 1.08 1.03
5000 117.36 2.10 2.20 1.49 1.31 2.43 15.27 6.15E-02
0.40 0.38 0.92 0.93
6000 140.83 1.92 2.02 1.41 1.20 2.14 15.16 6.85E-02
0.27 0.21 0.74 0.80
7000 164.30 1.73 1.88 1.30 1.06 1.91 15.07 7.41E-02
0.22 0.14 0.63 0.69
**NOTE: Strain equals total change in sample thickness
divided by original sample thickness
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Appendix E
Point Load Testing Data and Hoek-Brown Calculations
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APPENDIX E DISCUSSION: ACCURACY AND ERRORS 
Point Load Testing
D — Readings were taken to the nearest millimeter and the dial gauge accuracy is 
estimated to be ±lmm or about ±0.04 in.
L — Readings were taken to the nearest 0.1 inch and are estimated to be accurate to 
±0.1 in.
P — This parameter is found by multiplying pressure gauge reading times the area of 
the hydraulic ram. Readings of the pressure gauge (not the gauge accuracy itself) are 
estimated to be accurate ±25 psig. The hydraulic ram area is given as 2.07 sq. in. and is 
assumed to be ±0.005 in. To find relative error for the gauge, assume a typical reading of 
500 psig. Then relative error is 25/500=0.05. To find relative error for the ram, 
0.005/2.07=0.002. The maximum relative error is 0.05 + 0.002 = 0.052, which should be 
rounded to two significant digits and equals 0.05. The product 'P' is 500 lb times 2.07 sq. 
in., equals 1035 psi. The maximum total absolute error equals 1035 x 0.05 = 52, so the 
answer is P = 1035 ±52. Based on this approach, the values of P in the spreadsheet are 
considered accurate to the nearest 100 psi.
Is and Is(50) -  To find the absolute error for Is, need relative error for P and D. 
Using estimated values of P=1000 and D=1.5, relative error for P is 50/1000=0.05 and for 
D is 0.04/1.5=0.03. The formula for Is is as follows: Is=P/(D*D). Taking the sum of the 
relative errors, 0.05+0.03+0.03=0.11, which is the maximum total relative error. Using 
the above values for P and D, Is=1000/(1.5*1.5)=444.4. The maximum absolute error is 
444.4*0.11=48.9, rounded to 49. Therefore, for this example, Is equals 444.4 ± 49. The 
value o f Is(50) is found by normalizing Is to a 2-inch sample, without really changing its 
accuracy. Based on the above, values of Is and Is(50) in the spreadsheet are accurate to 
the nearest 100.
Sc -  Using Is(50)=300 ± 40 as an example, the value of Sc = Is(50)*24 = 7200, and 
the maximum relative error (based on the above example) is 49. The maximum absolute 
error is 960. Of course, other values of Is(50) will produce different values of Sc having 
different errors. Based on this reasoning, the smaller Sc values have absolute errors of 
about ± 500 psi and the larger Sc values have absolute errors in excess of ± 1000 psi. 
Therefore, Sc values in the spreadsheet are accurate to no more than the nearest 500 psi.
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A p p e n d i x  E
P O I N T  L O A D  T E S T I N G  D A T A




















1.2 1.8 2795 2003 0.60 1202 8.3 6.0 870 20880
1.0 1.6 1035 1068 0.60 641 4.4 4.0 573 13746
0.9 1.7 1035 1159 0.60 696 4.8 4.0 573 13746
1.2 1.3 828 556 0.84 467 3.2 2.4 348 8352
1.1 1.7 932 767 0.60 460 3.2 2.2 319 7656
1.1 1.7 725 596 0.60 358 2.5 1.8 261 6264
1.1 1.2 1242 1099 0.78 857 5.9 4.2 609 14616
1.3 1.6 1449 913 0.69 630 4.3 3.3 479 11484
1.5 1.3 1242 527 1.12 590 4.1 3.7 537 12876
1.7 1.7 932 341 0.87 296 2.0 1.8 261 6264




1.5 1.6 932 439 0.82 360 2.5 2.1 305 7308
1.2 1.3 414 297 0.82 243 1.7 1.3 189 4524
1.5 1.5 311 139 0.90 125 0.9 0.8 116 2784
1.2 2.0 311 208 0.60 125 0.9 0.7 102 2436
1.6 2.0 621 250 0.69 173 1.2 1.1 160 3828
1.5 1.6 311 146 0.81 119 0.8 0.7 102 2436
2.1 2.0 932 206 0.96 198 1.4 1.4 206 4942
2.1 2.0 828 183 0.96 176 1.2 1.2 177 4246
1.7 2.1 983 328 0.72 236 1.6 1.5 218 5220
2.0 1.6 725 187 1.16 217 1.5 1.5 218 5220
1.3 1.7 414 261 0.64 167 1.2 1.0 138
3306
1.7 1.3 1242 433 1.25 542 3.7 3.5 508
12180
M EAN 4869
STD  DEV 2580
V A RIA N CE 6655968
1.4 1.2 1035 545 1.05 572 3.9 3.3
479 11484
1.0 1.5 414 395 0.61 241 1.7 1.2
174 4176
1.3 1.4 311 173 0.87 151 1.0 0.8
116 2784
1.6 1.2 828 334 1.27 424 2.9 2.4
348 8352
1.6 1.5 828 334 0.95 317 2.2 2.0
290 6960
1.6 1.3 1760 709 1.13 802 5.5 5.0
725 17400
1.4 2.0 1139 600 0.68 408 2.8 2.3
334 8004
1.4 1.5 828 412 0.84 346 2.4 2.0
283 6786
1.5 1.0 1449 647 1.64 1062 7.3 6.2
899 21576
1.2 1.2 621 417 0.93 388 2.7 2.0
290 6960
1.3 1.2 1035 652 0.95 619 4.3 3.3
479 11484
M EAN 9633
STD  DEV 5336
V A RIA N CE 28471951
A p p e n d i x  E
P O I N T  L O A D  T E S T I N G  D A T A
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S A M P L E D L P Is C Ik Ik IsSO Is50 Sc




1.7 2.0 621 217 0.74 160
1.7 2.0 1242 433 0.74 321
1.3 2.0 1863 1174 0.6 704
1.1 2.3 1863 1533 0.60 920
1.3 1.8 3105 1733 0.66 1144
1.3 1.0 1656 981 1.25 1226
1.3 1.2 1656 1043 0.95 991
1.5 4.7 2174 1024 0.60 615
1.9 2.1 1449 406 0.79 321
1.3 1.7 2070 1226 0.67 822
2.1 2.3 1035 229 0.82 188
1.3 1.2 1346 751 1.13 845
1.7 2.2 2070 722 0.67 484
1.5 1.8 1346 634 0.71 450
1.3 1.7 2588 1444 0.69 996
1.7 2.5 4140 1380 0.63 869
1.9 2.5 6624 1780 0.69 1219
1.4 1.6 1035 545 0.76 414
1.5 1.5 1035 462 0.91 421
1.5 1.8 2898 1229 0.75 922
2.0 2.5 3933 938 0.72 671
1.7 2.3 2484 908 0.64 581
2.2 1.8 2070 426 1.15 490
1.6 1.8 1656 668 0.77 514
1.1 2.0 2070 1832 0.60 1099
2.0 2.0 4968 1185 0.92 1091
1.9 1.5 2277 665 1.17 778
1.0 1.5 2691 2778 0.62 1722
1.6 1.5 1035 417 0.95 396
1.1 1.4 1035 852 0.69 588
1.2 1.6 932 668 0.66 441
1.7 1.6 828 289 0.97 279
1.3 1.6 1242 693 0.74 509
1.4 1.7 1242 618 0.73 448
0.9 1.3 1967 2621 0.61 1599
1.0 1.6 621 641 0.60 385
1.2 2.0 828 556 0.60 334
1.1 1.0 145 3480
2.2 2.1 305 7308
4.9 3.9 566 13572
6.3 4.7 682 16356
7.9 6 870 20880
8.5 6.5 943 22620
6.8 5.2 754 18096
4.2 3.75 544 13050
2.2 2.1 305 7308
5.7 4.7 682 16356
1.3 1.33 193 4628
5.8 4.8 696 16704
3.3 3.05 442 10614
3.1 2.7 392 9396
6.9 5.3 769 18444
M EAN 13254
STD  DEV 5716
VA RIA N CE 32669639
6.0 5.4 783 18792
8.4 8.2 1189 28536
2.9 2.4 348 8352
2.9 2.4 348 8352
6.4 5.5 798 19140
4.6 4.7 682 16356
4.0 3.6 522 12528
3.4 3.75 544 13050
3.5 3.3 479 11484
7.6 5.1 740 17748
7.5 7.8 1131 27144
M EAN 16498
STD DEV 6450
V A RIA N CE 41598223
5.4 5.2 754 18096
11.9 7 1015 24360
2.7 2.5 363 8700
4.1 3.1 450 10788
3.0 2.25 326 7830
1.9 1.8 261 6264
3.5 2.95 428 10266
3.1 2.6 377 9048
11.0 6.6 957 22968
2.7 1.7 247 5916
2.3 1.8 261 6264
M EAN 11864
STD  DEV 6427
V A RIA N CE 41300968
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Appendix E




POINT LOAD TESTING DATA
P Is C  Ik  Ik







C F 1.4 1.4 1139 600 0.89 534 3.7 3.1 450 10788
1.0 1.3 1553 1482 0.69 1022 7.0 4.8 696 16704
1.3 1.5 1035 652 0.73 476 3.3 2.5 355 8526
1.4 1.8 828 412 0.69 284 2.0 1.7 247 5916
1.1 1.8 1346 1107 0.60 664 4.6 3.1 450 10788
1.5 1.3 2588 1219 1.03 1256 8.7 7.0 1015 24360
1.3 1.7 1863 1174 0.66 775 5.3 4.1 595 14268
1.2 1.1 1035 695 1.01 702 4.8 3.6 522 12528
1.3 1.6 1242 736 0.71 522 3.6 3.0 435 10440
0.9 1.8 1656 1855 0.60 1113 7.7 5.0 725 17400
1.4 1.7 1760 927 0.71 658 4.5 3.8 551 13224




P H 1.9 1.5 1346 393 1.15 452 3.1 3.0 435 10440
1.7 2.0 1242 454 0.72 327 2.3 2.0 290 6960
1.3 1.7 2691 1502 0.69 1036 7.1 5.8 841 20184
1.1 2.3 828 733 0.60 440 3.0 2.1 305 7308
1.6 2.0 2070 835 0.69 576 4.0 3.5 508 12180
1.2 2.0 2277 1632 0.60 979 6.8 5.0 725 17400
1.4 1.6 1242 618 0.79 488 3.4 3.0 428 10266
1.3 2.0 2277 1349 0.62 836 5.8 4.7 682 16356
1.6 2.0 1449 584 0.69 403 2.8 2.5 363 8700
1.2 1.5 1656 1112 0.71 789 5.4 4.1 595 14268
1.3 1.8 1449 913 0.64 584 4.0 3.2 464 11136
1.5 1.7 2070 976 0.77 751 5.2 4.4 638 15312
M EAN 12543
STD DEV 4002
VA RIA N CE 16018317
C G 1.6 1.5 207 83 0.95 79 0.5 0.43 62 1496
2.2 2.5 518 106 0.78 83 0.6 0.61 88 2123
1.4 1.2 414 206 1.1 227 1.6 1.34 194 4663
2.4 2.3 621 111 0.94 105 0.7 0.75 109 2610
M EAN 2723
STD  DEV 1188
VA RIA N CE 1410483
M C 1.5 1.7 3933 1853 0.75 1390 9.6 8.00 1160 27840
1.0 1.3 2691 2778 0.67 1861 12.8 7.70 1117 26796
1.3 1.5 1242 783 0.74 579 4.0 3.25 471 11310
1.2 1.6 414 297 0.66 196 1.4 1.10 160 3828
1.1 1.7 414 366 0.61 223 1.5 1.10 160 3828
1.4 1.3 3312 1649 0.99 1632 11.3 9.00 1305 31320
1.0 1.1 725 691 0.83 574 4.0 2.80 406 9744
M EA N  16381
STD  DEV 11006
V A RIA N CE 121125008
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A p p e n d i x  E
P O I N T  L O A D  T E S T I N G  D A T A
















N D 1.6 1.8 2484 1002 0.77 771 5.3 4.80 696 16704
1.3 1.1 1449 858 1.10 944 6.5 5.1 740 17748
1.2 1.8 1449 1039 0.62 644 4.4 3.3 479 11484
1.1 1.7 2070 1832 0.61 1117 7.7 5.15 747 17922
1.7 1.6 1656 606 0.94 566 3.9 3.5 508 12180
1.8 2.2 828 252 0.72 182 1.3 1.22 177 4246
1.4 2.3 1242 654 0.60 392 2.7 2.3 334 8004
1.2 1.8 828 594 0.63 374 2.6 2 290 6960
1.5 2.2 1449 647 0.64 414 2.9 2.4 348 8352
1.0 1.8 621 641 0.50 321 2.2 1.5 218 5220
1.3 1.8 1035 613 0.64 392 2.7 2.3 334 8004
1.5 1.6 1139 509 0.83 422 2.9 2.4 348 8352
1.5 2.7 2898 1229 0.60 738 5.1 4.6 667 16008
1.2 1.6 1863 1335 0.66 881 6.1 4.55 660 15834
M EAN 11216
STD  DEV 4650
V A RIA N CE 21624058
N D \1 1.9 2.0 3105 834 0.86 718 4.9 4.9 711 17052
1.9 2.1 3726 1088 0.78 849 5.9 5.7 827 19836
1.7 2.0 1035 379 0.73 276 1.9 1.8 258 6194
1.4 1.8 3312 1744 0.68 1186 8.2 6.5 943 22620
1.4 1.6 2898 1443 0.79 1140 7.9 6.4 928 22272
1.5 1.8 3105 1463 0.72 1046 7.2 6.1 877 21054
1.6 1.2 2277 874 1.33 1162 8.0 7.1 1022 24534
1.4 1.3 2484 1308 0.96 1256 8.7 6.8 986 23664
1.9 2.2 7038 1891 0.78 1475 10.2 10.0 1450 34800
0.8 1.7 2070 3339 0.60 2003 13.8 8.0 1160 27840
1.3 2.0 2691 1502 0.63 939 6.5 5.1 740 17748
1.1 1.8 3726 3066 0.61 1870 12.9 8.4 1218 29232
1.2 1.4 2277 1632 0.74 1200 8.3 6.0 870 20880
M EA N 22133
STD  DEV 6557
V A RIA N CE 42990616
R M 1 1.3 1.7 1139 674 0.67 452 3.1 2.6 377 9048
2.2 1.8 2691 534 1.19 636 4.4 4.8 696 16704
1.3 1.8 1242 783 0.64 497 3.4 2.7 392 9396
2.1 2.1 4554 1046 0.90 941 6.5 6.9 1001 24012
1.2 2.0 1967 1410 0.60 846 5.8 4.8 696 16704
1.3 1.5 1449 913 0.73 666 4.6 3.5 508 12180
1.2 1.8 2898 2077 0.62 1288 8.9 6.2 899 21576
1.1 1.3 1242 1022 0.75 767 5.3 3.9 566 13572
1.5 1.5 1242 585 0.87 509 3.5 3.2 464 11136
1.2 1.5 3312 2223 0.72 1590 11.0 7.9 1146 27492
M EA N  
STD  DEV 





A p p e n d i x  E
P O I N T  L O A D  T E S T I N G  D A T A
















R M 2 2.1 2.3 414 78 0.81 63 0.4 0.41 59 1427
2.1 2.3 311 59 0.81 48 0.3 0.31 44 1061
2.0 1.8 269 S3 0.99 82 0.6 0.60 87 2088
1.8 2.2 248 51 0.72 37 0.3 0.28 41 974
1.6 1.5 166 74 0.95 70 0.5 0.44 64 1531
1.7 2.2 207 43 0.67 29 0.2 0.15 22 522
1.3 1.6 228 89 0.73 65 0.4 0.33 48 1148
2.2 2.3 455 86 0.89 77 0.5 0.54 78 1879
1.7 2.0 455 114 0.76 87 0.6 0.55 80 1914
1.3 2.0 207 52 0.62 32 0.2 0.15 22 522




R M 3 1.4 1.4 311 158 0.92 146 1.0 0.85 123 2958
1.8 2.5 725 116 0.64 74 0.5 0.48 70 1670
1.7 2.0 414 104 0.73 76 0.5 0.44 64 1531
1.8 2.2 414 86 0.72 62 0.4 0.37 54 1288
1.7 2.0 828 207 0.75 155 1.1 1.00 145 3480
1.7 2.0 518 129 0.75 97 0.7 0.55 80 1914
1.6 2.3 828 157 0.63 99 0.7 0.63 91 2192
1.7 1.8 725 237 0.88 208 1.4 1.30 189 4524
1.5 3.0 621 69 0.60 41 0.3 0.26 38 905
1.6 2.7 414 57 0.60 34 0.2 0.15 22 522
1.3 2.3 414 78 0.60 47 0.3 0.26 38 905
M EAN 1990
STD D EV  1165
VA RIA N CE 1358306
NOTE: THE FOLLOWING ABBREVIATIONS HAVE BEEN USED IN THE ABOVE
D -  The platten separation at the start of the point load test
L -  The cross dimension of the sample perpendicular to the axis
P -  The load on the sample, equal to hydraulic pressure in the system 
at failure times 2.07, which is the surface area of the hydraulic ram
Is -- Uncorrected point load strength index
Ik -  Point load strength index corrected to a D/L ratio of 1.1
Is(50) -  Point load strength index Ik corrected to a reference diameter of 
50 mm, in accordance with the ISRM recommended standard




















IN P U T  FILE: N L C F.IN P  FO R  X S T A B L
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PROFIL FILE: NLCF 5-22-93
Nonlinear Envelope — Sample CF 
4 3
.0 200.0 600.0 200.0 2
600.0 200.0 1000.0 500.0 1
1000.0 500.0 1600.0 500.0 1
600.0 200.0 1600.0 200.0 2
SOIL
2
102.0 112.0 .0 .00 .000














.0 .0 1600.0 .0
CIRCL2
30 20
300.0 750.0 900.0 1300.0




OUTPUT FILE: NLCF.OPT FOR XSTABL
(Short Form Of File)
X S T A B L  File: N LC F 5-22-93 14:11
* X ST A B L  *
*  *
* Slope Stability Analysis using *
* Simplified BISHOP or JANBU methods *
* *
* Copyright (C) 1992 *
* Interactive Software Designs, Inc. *
* A ll Rights Reserved *
* *
* Philippe Bourdeau *
* Purdue University *
* W. Lafayette, IN 47907 *
* *
* Ver. 4.10 1054 *
******************************************
Problem Description : Nonlinear Envelope -  Sample CF 
SEGMENT BOUNDARY COORDINATES 
3 SURFACE boundary segments
Segment x-left y-left x-right y-right Soil Unit
No. (ft) (ft) w  (ft) Below Segment
1 .0 200.0 600.0 200.0 2
2 600.0 200.0 1000.0 500.0 1
3 1000.0 500.0 1600.0 500.0 1
1 SUBSURFACE boundary segments
Segment x-left y-left x-right y-right Soil Unit
No. (ft) (ft) (ft) (ft) Below Segment
1 600.0 200.0 1600.0 200.0 2
333
ISOTROPIC Soil Parameters 
2 type(s) of soil
Soil Unit Weight Cohesion Friction Pore Pressure Water 
Unit Moist Sat. Intercept Angle Parameter Constant Surface
No. (pcf) (pcf) (psf) (deg) Ru (psf) No.
1 102.0 112.0 .0 .00 .000 .0 0
2 130.0 140.0 500.0 38.00 .000 .0 0
NON-LINEAR MOHR-COULOMB envelope has been specified for 1
soil(s)
Soil Unit # 1











BOUNDARIES THAT LIMIT SURFACE GENERATION HAVE BEEN 
SPECIFIED
LOWER limiting boundary of 1 segments:
Segment x-lefit y-■left x-right y-right
No. (ft) (ft) (ft) (ft)
1 .0 .0 1600.0 .0
A critical failure surface searching method, using a random 
technique for generating CIRCULAR surfaces has been specified. 
600 trial surfaces will be generated and analyzed.
334
20 Surfaces initiate from each of 30 points equally spaced 
along the ground surface between x = 300.0 ft 
and x = 750.0 ft
Each surface terminates between x = 900.0 ft
and x = 1300.0 ft
Unless further limitations were imposed, the minimum elevation 
at which a surface extends is y = .0 ft
* * * * * DEFAULT SEGMENT LENGTH SELECTED BY XSTABL * *
76.0 ft line segments define each trial failure surface.
ANGULAR RESTRICTIONS :
The first segment of each failure surface will be inclined 
within the angular range defined by :
Lower angular limit := -45.0 degrees
Upper angular limit := (slope angle - 5.0) degrees
******************************************* * * * * * * * * * * * * * * * * * * * * *  
ERROR # 48
**************************************************************** 
Negative effective stresses have been calculated at the base of a 
slice. This error is usually reported for cases where slices have 
low self-weight and a relatively high "c" shear strength parameter.
This eiTor can only be eliminated by reducing the "c" value.
****************************************************************
USER SELECTED option to maintain strength greater than zero
Factors of safety have been calculated by the : 
* * * * *  MODIFIED BISHOP METHOD * * * * *
The most critical circular failure surface 















**** Modified BISHOP FOS = 1.384 ****
The following is a summary of the TEN most critical surfaces
Problem Description : Nonlinear Envelope -- Sample CF
FOS Circle Center Radius Initial Terminal Driving 
(BISHOP) x-coord y-coord x-coord x-coord Moment 









































612.71 532.76 1165.26 1.832E+09
629.71 517.24 1171.22 1.910E+09 
629.35 501.72 1135.58 1.675E+09 
417.22 594.83 1078.49 1.071E+09 
519.47 517.24 1120.21 1.504E+09 
495.81 625.86 1190.74 1.482E+09 
3166.90 718.97 1026.28 7.581E+08 
586.46 610.34 1143.09 1.512E+09 
673.01 501.72 1209.13 2.249E+09 
706.31 532.76 1242.51 2.444E+09
* * * END OF FILE * * *
Appendix G
Finite Difference Input/Output Files
FLAC ( V e r s i o n  2 . 2 5 )
JOB TITLE : * G r on u l a r  s l o p e  u n d e r  g r a v i t a t i o n a l  load
LEGEND
6 / 1 6 / 1 9 9 3  1 3 :34
step 6 2 0
— 1.91 7 E + 0 1 < x <  3 .6 4 2 E  +  02
- 1  .291 E +  0 2  < y <  2 .5 42 E  + 02
Displacem ent vectors
Max Vector =  1 .0 0 0 E + 0 0
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Geological Engineering —i---




D IS P L A C E M E N T  VEC TO R S  
Completely Built Waste Pile 
Slope Stability Analysis 
Frictional Soil
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FLAC ( V e r s i o n  2 . 2 5 )
JOB TITLE : ^ G r a n u l a r  s l o p e  u n d e r  g r a v i t a t i o n a l  load
LEGEND
6 / 1 7 / 1 9 9 3  12:11
step 62 0
— 1 .9 1 7E +  01 < x <  3 .6 4 2 E  +  02
— 1 .291E  +  0 2  < y <  2 .5 4 2 E  +  02
X—d isp lacem ent contours  
Contour in terva l=  5 .0 0 E  —02  
Minimum: 0 .00E  —01











University of N e v a d a -  Reno 
Geological Engineering
- - 1.00
•—i-----1------1----- 1----- i----- 1----- 1----- 1----- 1----- 1----- i----- 1---- 1—
0.25 0.75 1.25 1.75 2.25 2.75 3.25
* 1 e2
Figure G.2. 
X -D IS P L A C E M E N T  
CO NTO URS
Completely Built Waste Pile 
Slope Stability Analysis
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FLAC ( V e r s i o n  2 . 2 5 )




6 / 1 6 / 1 9 9 3  1 1 :18
step 620
— 1 .9 1 7E + 01 < x <  3 .6 4 2 E  +  02
- 1 . 2 9 1 E + 0 2  < y <  2 .5 4 2 E  +  02
Y—displacem ent contours  
Contour interva l=  5 . 0 0 E - 0 2  
Minimum: —5 .0 0 E —01 






-  0 .0 0
University of N evada— Reno 
Geological Engineering
Figure G.3. 
Y -D IS P L A C E M E N T  
C O N TO U R S
Completely Built Waste Pile 
Slope Stability Analysis
0.25 0.75 1 .25 1.75 





FLAC (Vers ion  2 .25)
JOB TITLE : * G r a n u l a r  s l o p e  u n d e r  g r a v i t a t i o n a l  l oad
LEGEND
* 1 e 2
2.00
6 / 1 6 / 1 9 9 3  1 5 :5 8
step 5 5 0
— 1 . 9 1 7E +  01 < x <  3 .6 4 2 E  +  02
- 1 . 2 9 2 E + 0 2  < y <  2 .5 4 2 E  +  02
X —d is p lacem en t  contours  
C ontour in te rv a l=  5 .0 0 E  —02  
Minimum: 0 .0 0 E  —01







_ 'o . oo
University of N e v a d a — Reno 





Completely Built Waste Pile 
Slope Stability Analysis
—1-------'--------- 1--------1--------1--------1   T ------1--------1 
1.25 1.75 2 .25 2 .75 3.25
*1 e 2
. - 0 . 5 0
.-1.00
FLAC ( Version 2.25)




6 / 1 6 / 1 9 9 3  15:59
step 5 5 0
— 1 .9 1 7E +  01 < x <  3 .6 4 2 E  +  02
-  1 .292E  + 0 2  < y <  2 .5 4 2 E  +  02
1.50
Y —d isp lacem ent contours  
Contour interval =  5 .0 0E  —02
Minimum: —1.00E —01 














. - 0 . 5 0
Completely Built Waste Pile 
Slope Stability Analysis
t----- 1----- 1----- |----- 1----- 1----- 1----- 1----- r
1.75 2.25 2.75 3.25
* 1 e 2
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JOB TITLE : * G r a n u l a r  s l o p e  u n d e r  g r a v i t a t i o n a l  load
FLAC (Version 2.25)
LEGEND
6 / 1 7 / 1 9 9 3  1 3 :14
step 2 2 8 2
University of N evad a— Reno 
Geological Engineering





TIME (Processing Steps) 
Settlement Analysis 
C + Phi Soil
343




6 / 1 7 / 1 9 9 3  13 :14  
step 2 2 8 2
— 1 .9 1 7E + 0 1  < x <  3 .6 4 2 E  +  02  
- 1 . 2 9 2 E  +  0 2  < y <  2 .5 4 2 E  + 02 - 1.50
Y -d is p la c e m e n t  contours  
Contour in te rva l=  5 . 0 0 E - 0 1  
Minimum: - 5 . 5 0 E + 0 0
'
.  1 .00
Maximum: 0 . 0 0 E - 0 1 y / y
Boundary plot ___^ y  / X .
_ __ y /
L-....................................... --------- ------------------------------------— ----------— 5 2 ^ - ^  ^  > x -  0.50
0 1E 2 ---------------------------------------------------------------------------------- --------
x _____ y
_ 0.00  
- — 0.50Figure G .8 .
Y-DISPLACEM ENT CONTOURS
Settlement Analysis
University of N e v a d a -  Reno 
Geological Engineering
C +  Phi Soil
- 1 . 0 0
0-25 0 .75 1.25 1.75 ' 2 .25 ' 2.75 ' 3 25 '
*1e2
FLAC ( Version 2.25)




6 / 1 7 / 1 9 9 3  0 6 :3 6
step 9 2 0 0
- 1 .806E  +  01 < x <  3 .431  E +  02
- 1 . 1 8 1  E + 0 2  < y <  2 .431  E +  02
Displacement vectors
















Incrementally Built Waste Pile 





i 1 i 1 i 1 i 1 i 




JOB TITLE ; * l n c r e m e n t a l l y  c o n s t r u c t e d  s l o p e  u n d e r  g r a v i t a t i o n a l  l oad
LEGEND
6 / 1 8 / 1 9 9 3  1 0 :3 4
step 9 2 0 0
- 1 . 8 0 6 E  +  01 < x <  3 .431  E + 02
— 1.181 E +  0 2  < y <  2 .4 31  E +  02
X —d isp lacem ent contours  
Contour in te rv a l=  1 .00E +  00  
Minimum: 0 .0 0E  —01
Maximum: 3 .9 0E  +  01
Boundary plot
I— i— i— i— i— i— i— i— i__ i__ I
0 1E 2
Figure G .1 0 . 
X-DISPLACEM ENT 
CONTOURS







Incrementally Built W aste Pile 
Slope Stability Analysis
i------1------;------1----- 1------1------1----- 1----- 1—






- 0 . 2 5





JOB TITLE : * l n c r e m e n t o l l y  c o n s t r u c t e d  s l o p e  u n d e r  g r a v i t a t i o n a l  load
LEGEND
6 / 1 8 / 1 9 9 3  11:01
step 9 2 0 0
— 1 .806E  + 01 < x <  3 .431  E + 02
— 1.181 E + 0 2  < y <  2 .431  E +  02
Y —d isp lacem ent contours  
Contour interval = 1 .0 0 E + 0 0
Minimum: —4 .7 0 E + 0 1  




Figure G .l l .
Y-DISPLACEM ENT CONTOURS 
Incrementally Built W aste Pile 
Slope Stability Analysis 
Frictional Soil Strength
University of N evada— Reno
Geological Engineering ---------------- 1--------- 1--------- 1--------- 1--------- 1--------- 1--------- 1--------- 1--------- 1--------- 1--------- 1--------- 1--------\—
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JOB TITLE : ^ Increm entally  constructed slope under g ra v i ta tional load
FLAC (Version 2.25)
LEGEND
6 / 1 7 / 1 9 9 3  0 9 :1 0
step 9 2 0 0
- 1 . 8 0 6 E  +  01 < x <  3 .431  E +  02
— 1 .181 E +  02  < y <  2 .431  E +  02
D isplacement vectors
Max Vector =  1 .8 98 E  + 02













Incrementally Built Waste Pile 
Slope Stability Analysis 
Phi Soil
i i i i i i i----------- 1----------- 1-----------1---------1—






- 0 . 2 5




FLAC ( Version 2.25)
JOB TITLE : * l n c r e m e n t a l l y  c o n s t r u c t e d  s l o p e  u n d e r  g r a v i t a t i o n a l load
LEGEND
6 / 1 7 / 1 9 9 3  0 9 :2 7
step 9 2 0 0
- 1 . 8 0 6 E + 0 1  < x <  3 .4 31  E + 0 2
— 1.181 E + 0 2  < y <  2 .431  E +  02
X —disp lacem ent contours  
Contour in te rva l=  1 .00E  +  01 
Minimum: 0 .0 0E  —01
Maximum: 1 .50E +  02
Boundary plot
I .  .................... I
0 1E 2








Incrementally Built W aste Pile 
Slope Stability Analysis
r ~  i i i------------- 1------------- 1------------- i------------- 1------------- 1-------------1------------1—
0.75 1.25 1.75 2.25 2.75 3.25






- 0 . 2 5  
- 0 . 7 5
* 1 e2
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FLAC ( Version 2.25)
JOB TITLE : * l n c r e m e n t a l l y  c o n s t r u c t e d  s l o p e  u n d e r  g r a v i t a t i o n al l oad
LEGEND
6 / 1 7 / 1 9 9 3  0 9 :2 7
step 9 2 0 0
- 1 . 8 0 6 E  +  01 < x <  3 .4 3 1 E  +  02
— 1.181 E + 0 2  < y <  2 .431  E +  02
Y—d isp lacem ent  contours  
Contour in te rv a l=  1 .0 0E + 01  
Minimum: — 1 .20E  +  02  









Y-DISPLACEM ENT CONTOURS 
Incrementally Built W aste Pile 
Slope Stability Analysis 
C + Phi Soil
— i i i i----------- 1----------- 1-----------1-----------1----------- 1-----------1--------- 1—






- 0 .2 5




FLAC (V ers ion  2 .25)
LEGEND
6 / 1 9 / 1 9 9 3  1 0 :2 6
step 9 0 0 0
JOB TITLE : * l n c r e m e n t a l l y
University of N e v a d a — Reno  
Geological Engineering
Y d is p la ce m e n t  ( i =  2 3 , ] — 2 5 )
c o n s t r u c t e d  s l o p e  u n d e r  g r a v i t a t io n a l  l oad
t im e step n um ber / - „ + 0 3 )
Figure G.15. 
Y -D ISPLA C EM EN T vs.
T IM E  (Processing Steps) 
Settlem ent Analysis 
C + Phi Soil
LOL*
FLAC (Vers ion  2 .25)
JOB TITLE : * l n c r e m e n t a l l y  c o n s t r u c t e d  s lo p e  u n d e r  g r a v i t a t i o n a l  lo ad
LEGEND
6 / 1 6 / 1 9 9 3  1 8 :5 9
step  9 4 4 4
- 1 . 8 0 6 E  +  01 < x <  3 .4 3 1  E +  02
— 1 .181  E + 0 2  < y <  2 .4 31  E + 0 2
M in im um  principal stress  
C ontour interval =  1 .0 0E  + 0 5
M inim um : —2 .1 0 E + 0 6  
M axim um : 2 .0 0E  +  0 5
Boundary plot
l i i____ i____ i____i____i____i____i____i— I
0 1E 2
Tension region plotted




—I----- 1-------1------1 | i I : l i I
0.75  1.25  1.75  2.25  2.75  3.25
_____________ * 1e2_______________________
Figure G.16.
TENSILE STRESS ZONE 
Tension Crack Analysis 














*warp grid to fonn a slope - first use line command to 
*form slope face
* scale grid to real waste pile
gen 0.0,0.0 0.0,125.0 345.0,125.0 345.0,0.0
gen line 165.0,125.0 300.0,25.0
gen line 300.0,25.0 345.0,25.0
*null region in front of slope
mod null reg=69,25
*defme foundation zone
gen line 0.0,25.0 345.0,25.0
*set foundation properties
prop s=5.0e7 b=le9 d=2200 fri=55 coh=3.0e7 region=l,l
*set slope properties to undergo gravity stresses
prop 5=4.5566 b=1.36e7 d=2000 fri=20 coh=9.6e4 region=
^vertical displacement history near top of slope
his nstep=l
his ydis i=10 j=25
his ydis i=20 j=25




fix x y j= l
* apply gravity 
set grav=9.81









plot pen his 1




plot pen his 2 
set out=prt3 
plot pen his 3 
set out=prt4 
plot pen displ bound 
set out=prt5
plot pen st bound tension 
set out=prt6 
plot pen ydisp bound 
set large





plot pen displ max=l bound 
set out=prt8 
plot pen xdispl 
set out=prt9 
plot pen ydispl 
set out=prtl0 
plot pen st tension bound 
save waste2a2.sav 
□




*warp grid to fonn a slope - first use line command to 
*form slope face
* scale grid to real waste pile
gen 0.0,0.0 0.0,125.0 345.0,125.0 345.0,0.0 
gen line 165.0,125.0 300.0,25.0 
gen line 300.0,25.0 345.0,25.0 
*null region in front o f  slope 
mod null reg=69,25
* define foundation zone 
gen line 0.0,25.0 345.0,25.0 
*set foundation properties
prop s=5.0e7 b= le9 d=2200 ffi=55 coh=3.0e7 regional, 1
*set slope properties to undergo gravity stresses
prop s=4.55e6 b=1.36e7 d=2000 ffi=40 coh=0 region=l,25
*vertical displacement histoiy near top o f slope
his nstep=l
his ydis i=10 j—25
his ydis i=20 j=25




fix x y j— 1
* apply gravity 
set grav=9.81









plot pen his 1




plot pen his 2 
set out=prt3 
plot pen his 3 
set out=prt4 
plot pen displ bound 
set out=prt5
plot pen st bound tension 
set out=prt6 
plot pen ydisp bound 
set large
ini xdis=0 ydis=0 




plot pen displ max=l bound
set out=prt8
plot pen xdispl bound
set out=prt9
plot pen ydispl bound
set out=prtlO
plot pen st tension bound
save \vaste2b2.sav
* Incrementally constructed slope under gravitational load 
gr 65,25
*waste pile will be Mohr-Coulomb model 
m m
*scale grid to real waste pile size -- 100m high, 325m long
*foundation to be 25m high
gen 0.0,0.0 0.0,125.0 325.0,125.0 325.0,0.0
*form toe of slope for successive addition of layers
gen line 230.0,25.0 325.0,25.0
*define boundaries between layers to be added to slope
gen line 0.0,125.0 150.0,25.0
gen line 25.0,125.0 175.0,25.0
gen line 50.0,125.0 200.0,25.0
gen line 75.0,125.0 225.0,25.0
gen line 100.0,125.0 250.0,25.0
gen line 125.0,125.0 275.0,25.0
gen line 150.0,125.0 300.0,25.0
gen line 175.0,125.0 325.0,25.0
* define foundation zone 
gen line 0.0,25.0 325.0,25.0
*model mohr-coulomb region in foundation 
mod mohr reg=l,l
*set foundation properties; very strong, veiy stiff (rock) 
prop s=5.0e7 b=le9 d=2200 fri=55 coh=3.0e7 regional, 1 
*model mohr-coulomb region behind slope at beginning 
mod mohr reg=l,25
*set waste pile properties to undergo gravity stresses
*use properties derived from RLQ's research
prop s=4.55e6 b=1.36e7 d=2000 fri=20 coh=9.6e4 region=l,25
*remove region outside final slope
model null ^=65,25








*FILE W A ST E 5.D A T
set log on
tit
*displacement boundary conditions 
fix x i=l 
fix x i=65 
fix x y j=l
* apply gravity 
set grav=9.81
*solve for initial gravity stresses
* record vertical displacement history near top of slope 
*print out minor principle stresses for each increment 
his nstep=l





his ydis i=3 j=25 
model mohr reg=3,25
prop s=4.55e6 b=:1.36e7 d=2000 fri=20 coh=9.6e4 region=3,25
solve
pr sig2
his ydis i=8 j=25 
model mohr reg=8,25
prop s=4.55e6 b=1.36e7 d=2000 fri=20 coh=9.6e4 region=8,25
solve
pr sig2
his ydis i=13 j=25 
model mohr reg=13,25
prop s=4.55e6 b=1.36e7 d=2000 fri=20 coh=9.6e4 region=13,25
solve
pr sig2
his ydis i=18 j=25 
model mohr reg= 18,25
prop s=4.55e6 b=1.36e7 d=2000 fir=20 coh=9.6e4 region=18,25
solve
pr sig2
his ydis i=23 j=25 
model mohr reg=23,25
prop s=4.55e6 b=1.36e7 d=2000 ffi=20 coh^.bed region=23,25
solve
pr sig2
his ydis i=28 j=25 
model mohr reg=28,25
prop s=4.55e6 b=1.36e7 d=2000 fri=20 coh=9.6e4 region=28,25
solve
pr sig2
his ydis i-33 j=25 
model mohr reg=33,25














plot pen his 1
set out=prt2
plot pen his 2
set out=prt3
plot pen his 3
set out=prt4
plot pen his 4
set out=prt5
plot pen his 5
set out=prt6
plot pen his 6
set out=prt7
plot pen his 7
set out^prtS
plot pen displ bound
set out=prt9
plot pen sig2 interval=le5 bound tension 
set out=prtlO 
plot pen ydispl bound 
set out^prtl l 
plot pen xdispl bound 
save waste5.sav 
□
* Incrementally constructed slope under gravitational load 
gr 65,25
*waste pile will be Mohr-Coulomb model 
m m
* scale grid to real waste pile size -  100m high, 325m long 
*foundation to be 25m high
gen 0.0,0.0 0.0,125.0 325.0,125.0 325.0,0.0
*form toe of slope for successive addition of layers
gen line 230.0,25.0 325.0,25.0
*define boundaries between layers to be added to slope
gen line 0.0,125.0 150.0,25.0
gen line 25.0,125.0 175.0,25.0
gen line 50.0,125.0 200.0,25.0
gen line 75.0,125.0 225.0,25.0
gen line 100.0,125.0 250.0,25.0
gen line 125.0,125.0 275.0,25.0
gen line 150.0,125.0 300.0,25.0
gen line 175.0,125.0 325.0,25.0
*define foundation zone
gen line 0.0,25.0 325.0,25.0
*model mohr-coulomb region in foundation
mod mohr reg=l,l
*set foundation properties; very strong, veiy stiff (rock) 
prop s=5.0e7 b=le9 d=2200 fri=55 coh=3.0e7 region=l,l 
*model mohr-coulomb region behind slope at beginning 
mod mohr reg=l,20
*set waste pile properties to undergo gravity stresses
*use properties derived from RLQ's research
prop s=4.55e6 b=1.36e7 d=2000 fri=35 region=l,25
*remove region outside final slope
model null reg=65,25








*FILE W A ST E6B .D A T
set log on
tit
* displacement boundary conditions 
fix x i=l
fix x i=65 
fix x y j=l
* apply gravity 
set grav=9.81
* solve for initial gravity stresses
* record vertical displacement history near top of slope 
*print out minor principle stresses for each increment 
his nstep=l





prop s=4.55e6 b=1.36e7 d=2000 fri=35 region=3,25 
solve
model mohr reg=8,25
prop s=4.55e6 b=1.36e7 d=2000 fri=35 region=8,25 
solve
model molir reg= 13,25
prop s=4.55e6 b=1.36e7 d=2000 fri=35 region=13,25 
solve
model mohr reg= 18,25
prop s=4.55e6 b=1.36e7 d=2000 fri=35 region= 18,25 
solve
model mohr reg=23,25
prop s=4.55e6 b=1.36e7 d=2000 fri=35 region=23,25 
solve
model mohr reg=28,25
prop s=4.55e6 b=1.36e7 d=2000 fii=35 region=28,25 
solve
model mohr reg=33,25




plot pen displ bound tension 
set out=prt2
plot pen sig2 interval=le5 bound tension bound 
set out=prt3
plot pen ydispl interval=2.5e-01 bound
set out=prt4
plot pen stress tension bound 
set out=prt5




*Incrementally constructed slope under gravitational load 
gr 65,25
*waste pile will be Mohr-Coulomb model 
m m
* scale grid to real waste pile size -- 100m high, 325m long 
*foundation to be 25m high
gen 0.0,0.0 0.0,125.0 325.0,125.0 325.0,0.0
*form toe of slope for successive addition of layers
gen line 230.0,25.0 325.0,25.0
*defme boundaries between layers to be added to slope
gen line 0.0,125.0 150.0,25.0
gen line 25.0,125.0 175.0,25.0
gen line 50.0,125.0 200.0,25.0
gen line 75.0,125.0 225.0,25.0
gen line 100.0,125.0 250.0,25.0
gen line 125.0,125.0 275.0,25.0
gen line 150.0,125.0 300.0,25.0
gen line 175.0,125.0 325.0,25.0
* define foundation zone 
gen line 0.0,25.0 325.0,25.0
*model mohr-coulomb region in foundation 
mod mohr reg=l,l
*set foundation properties; veiy strong, veiy stiff (rock) 
prop s=5.0e7 b=le9 d=2200 fri=55 coh=3.0e7 regional, 1 
*model mohr-coulomb region behind slope at beginning 
mod mohr reg=l,20
*set waste pile properties to undergo gravity stresses
*use properties derived from RLQ's research
prop s=4.55e6 b=1.36e7 d=2000 ffi=40 region=l,25
^remove region outside final slope
model null reg=65,25








*FILE W A ST E6C .D A T
set log on
tit
Misplacement boundary conditions 
fix x i=l 
fix x i=65 
fix x y j= 1
* apply gravity 
set grav=9.81
*solve for initial gravity stresses
* record vertical displacement history near top of slope 
*print out minor principle stresses for each increment 
his nstep=l





prop s=4.55e6 b=1.36e7 d=2000 fh=32 region=3,25 
solve
model mohr reg=8,25
prop s=4.55e6 b=1.36e7 d=2000 fri=32 region=8,25 
solve
model mohr reg= 13,25
prop s=4.55e6 b=1.36e7 d=2000 fii=32 region=13,25 
solve
model mohr reg= 18,25
prop s=4.55e6 b=1.36e7 d=2000 fri=32 region=18,25 
solve
model mohr reg=23,25
prop s=4.55e6 b=1.36e7 d=2000 fri=32 region=23,25 
solve
model mohr reg=28,25
prop s=4.55e6 b=1.36e7 dKZOOO fri=32 region=28,25 
solve
model mohr reg=33,25




plot pen displ bound tension 
set out=prt2
plot pen sig2 interval=le5 bound tension bound 
set out=prt3
plot pen ydispl intervals.5e-01 bound
set out=prt4
plot pen stress tension bound 
set out=prt5





Finite Element Input/OutPut Files
Appendix H
INPUT FILE 1A44.DAT FOR FEADAM84








1, 0 .00, 0 .00, 1, 1
2, 0.00, 18.75, 1, 0
3.25.00, 0.00, 1, 1
4, 0.00, 37.50, 1, 0
5, 25.00, 18.75, 0, 0
6 , 50.00, 0.00, 1, 1
7, 0.00, 56.25, 1, 0
8 , 25.00, 37.50, 0, 0 
10, 75.00, 0.00, 1, 1
11.0. 00, 75.00, 1,0 
12, 25.00, 56.25, 1, 0
15, 100.00, 0.00, 1, 1
16, 0.00, 93.75, 1, 0
17, 25.00, 75.00, 0, 0
21, 125.00, 0.00, 1, 1
22, 0.00, 112.50, 1, 0
23, 25.00, 93.75, 0, 0
28, 150.00, 0.00, 1, 1
29, 0.00, 131.25, 1,0
30, 25.00, 112.50, 0,0
36, 175.00, 0.00, 1, 1
37, 0.00, 150.00, 1, 0
38, 25.00, 131.25, 0, 0
45, 200.00, 0.00, 1, 1
46, 0.00, 168.75, 1, 0
47, 25.00, 150.00, 0, 0
55, 225.00, 0.00, 1, 1
56, 0.00, 187.50, 1, 0
57, 25.00, 168.75, 0, 0
6 6 , 250.00, 0.00, 1, 1
67, 0.00, 206.25, 1, 0
6 8 , 25.00, 187.50, 0, 0
78, 275.00, 0.00, 1, 1
79, 0.00, 225.00, 1, 0
80, 25.00, 206.25, 0, 0 
91, 300.00, 0.00, 1, 1
92,0.00, 243.75, 1,0 
93, 25.00, 225.00, 0, 0
105, 325.00, 0.00, 1, 1
106, 0.00, 262.50, 1, 0
107, 25.00, 243.75, 0, 0 
120, 350.00, 0.00, 1, 1
122, 25.00, 262.50, 0, 0
136, 375.00, 0.00, 1, 1
137, 0.00, 300.00, 1, 0 
138,25.00, 281.25, 0,0
153, 400.00, 0.00, 1, 1
154, 25.00, 300.00, 0, 0
170, 425.00, 0.00, 1, 1
171, 50.00, 300.00, 0, 0
187, 450.00, 0.00, 1, 1
188, 75.00, 300.00, 0, 0
204, 475.00, 0.00, 1, 1
205, 100.00, 300.00, 0, 0
221, 500.00, 0.00, 1, 1
222, 125.00, 300.00, 0, 0
238, 525.00, 0.00, 1, 1
239, 150.00, 300.00, 0, 0
255, 550.00, 0.00, 1, 1
256, 175.00, 300.00, 0, 0
272, 575.00, 0.00, 1, 1
273, 200.00, 300.00, 0, 0
289, 600.00, 0.00, 1, 1
290, 225.00, 300.00, 0, 0
306, 625.00, 0.00, 1, 1
307, 250.00, 300.00, 0, 0
323, 650.00, 0.00, 1, 1
324, 275.00, 300.00, 0, 0 
340, 675.00, 0.00, 1, 1 
341,300.00, 300.00, 0,0
357, 700.00, 0.00, 1, 1
358, 325.00, 300.00, 0, 0
374, 725.00, 0.00, 1, 1
375, 350.00, 300.00, 0, 0
391, 750.00, 0.00, 1, 1
392, 375.00, 300.00, 0, 0
408, 775.00, 0.00, 1, 1
409, 400.00, 300.00, 0, 0
425, 800.00, 0.00, 1, 1
426, 425.00, 300.00, 0, 0
442, 825.00, 0.00, 1, 1
443, 450.00, 300.00, 0, 0
459, 850.00, 0.00, 1, 1
460, 475.00, 300.00, 0, 0 
476, 875.00, 0.00, 1, 1
368
477, 500.00, 300.00, 0, 0
493, 900.00, 0.00, 1, 1
494, 525.00, 300.00, 0, 0 
510, 925.00,0.00, 1, 1 
511,550.00,300.00, 0,0
527, 950.00, 0.00, 1, 1
528, 575.00, 300.00, 0. 0
544, 975.00, 0.00, 1, 1
545, 600.00, 300.00, 0, 0 
561, 1000.00, 0.00, 1, 1
1, 1 ,3 ,2 , 2, 1
2, 2, 3, 5, 4, 1
3, 3, 6, 5, 5, 1 •
4, 4, 5, 8, 7, 1
5, 5, 6, 9, 8, 1
6, 6, 10, 9, 9, 1
7, 7, 8, 12, 11, 1
9, 9, 10, 14, 13, 1
10, 10, 15, 14, 14, 1
11, 11, 12, 17, 16, 1
14, 14, 15, 20, 19, 1
15, 15, 21, 20, 20, 1
16, 16, 17, 23, 22, 1 
20, 20,21,27, 26, 1 
21,21,28, 27, 27, 1 
22, 22, 23, 30, 29, 1
27, 27, 28, 35, 34, 1
28, 28, 36, 35, 35, 1
29, 29, 30, 38, 37, 1
35, 35, 36, 44, 43, 1
36, 36, 45, 44, 44, 1
37, 37, 38, 47, 46, 1
44, 44, 45, 54, 53, 1
45, 45, 55, 54, 54, 1
46, 46, 47, 57, 56, 1
54, 54, 55, 65, 64, 1
55, 55, 66, 65, 65, 1
56, 56, 57, 68, 67, 1
65, 65, 66, 77, 76, 1
66, 66, 78, 77, 77, 1
67, 67, 68, 80, 79, 1
77, 77, 78, 90, 89, 1
78, 78, 91, 90, 90, 1
79, 79, 80, 93, 92, 1
90, 90, 91, 104, 103, 1
91, 91, 105, 104, 104, 1
92, 92, 93, 107, 106, 1
104, 104, 105, 119, 118, 1
105, 105, 120, 119, 119, 1
106, 106, 107, 122, 121, 1
119, 119, 120, 135, 134, 1
120, 120, 136, 135, 135, 1
121, 121, 122, 138, 137, 1 
135, 135, 136, 152, 151, 1
136, 136, 153, 154, 154, 1
137, 137, 138, 154, 154, 1
138, 138, 139, 155, 154, 1
152, 152, 153, 169, 168, 1
153, 153, 170, 169, 169, 1
154, 154, 155, 171, 171, 1
155, 155, 156, 172, 171, 1
169, 169, 170, 186, 185, 1
170, 170, 187, 186, 186, 1
171, 171, 172, 188, 188, 2
172, 172, 173, 189, 188, 2
186, 186, 187, 203, 202, 2
187, 187, 204, 203,203,2
188, 188, 189, 205, 205,2
189, 189, 190, 206, 205, 2
203, 203, 204, 220, 219, 2
204, 204, 221,220, 220,2
205, 205, 206, 222, 222, 2
206, 206, 207, 223, 222, 2 
220, 220, 221,237, 236,2 
221,221,238, 237, 237,2
222, 222, 223, 239, 239, 2
223, 223, 224, 240, 239, 2
237, 237, 238, 254, 253, 2
238, 238, 255, 254, 254, 2
239, 239, 240, 256, 256, 2
240, 240, 241, 257, 256, 2
254, 254, 255, 271, 270, 2
255, 255, 272, 271, 271, 2
256, 256, 257, 273, 273, 2
257, 257, 258, 274, 273, 2
271, 271, 272, 288, 287, 2
272, 272, 289, 288, 288, 2
273, 273, 274, 290, 290, 2
274, 274, 275, 291, 290, 2
288, 288, 289, 305, 304, 2
289, 289, 306, 305, 305, 2
290, 290, 291, 307, 307, 2 
291,291,292, 308, 307,2
305, 305, 306, 322, 321, 2
306, 306, 323, 322, 322, 2
307, 307, 308, 324, 324, 2
308, 308, 309, 325, 324, 2
322, 322, 323, 339, 338, 2
323, 323, 340, 339, 339, 2
324, 324, 325, 341, 341, 2 
325,325, 326,342, 341,2
339, 339, 340, 356, 355, 2
340, 340, 357, 356, 356, 2 
341,341,342,358,358,2 
342, 342, 343, 359, 358, 2
356, 356, 357, 373, 372, 2
357, 357, 374, 373, 373, 2
358, 358, 359, 375, 375, 2
369
359, 359, 360, 376, 375, 2
373, 373, 374, 390, 389, 2
374, 374, 391, 390, 390, 2
375, 375, 376, 392, 392, 2
376, 376, 377, 393, 392, 2 
390, 390, 391, 407, 406, 2 
391, 391, 408, 407, 407,2
392, 392, 393, 409, 409, 2
393, 393, 394, 410, 409, 2
407, 407, 408, 424, 423, 2
408, 408, 425, 424, 424, 2
409, 409, 410, 426, 426,2 
410, 410, 411, 427, 426,2
424, 424, 425, 441, 440, 2
425, 425, 442, 441, 441,2
426, 426, 427, 443, 443, 2
427, 427, 428, 444, 443, 2 
441, 441, 442, 458, 457,2
442, 442, 459, 458, 458, 2
443, 443, 444, 460, 460, 2
444, 444, 445, 461, 460,2
458, 458, 459, 475, 474, 2
459, 459, 476, 475, 475, 2
460, 460, 461, 477, 477,2 
461, 461, 462, 478, 477,2
475, 475, 476, 492, 491, 2
476, 476, 493, 492, 492, 2
477, 477, 478, 494, 494, 2
478, 478, 479, 495, 494, 2 
492, 492, 493, 509, 508, 2 
493, 493, 510, 509, 509,2
494, 494, 495, 511, 511,2
495, 495, 496, 512, 511,2
509, 509, 510, 526, 525, 2
510, 510, 527, 526, 526, 2 
511, 511, 512, 528, 528,2 
512, 512, 513, 529, 528, 2
526, 526, 527, 543, 542, 2
527, 527, 544, 543, 543, 2
528, 528, 529, 545, 545, 2
529, 529, 530, 546, 545, 2 
543, 543, 544, 560, 559, 2
544 , 5 44 , 5 6 1 , 560 , 5 6 0 , 2
1, 1, 1, 1 ,3 ,  1 , 2 , 3
2, 2, 3 , 4, 6 , 2 , 4 , 6
3, 4, 6 , 7, 10, 4, 7 , 10
4, 7, 10, 11, 1 5 ,7 ,  11, 15
5, 11, 15, 1 6 ,2 1 ,  11, 1 6 ,2 1
6, 16, 21 , 2 2 , 2 8 , 16, 2 2 , 28
7, 2 2 , 2 8 , 2 9 , 3 6 , 2 2 , 2 9 , 36
8, 29 , 3 6 , 37 , 4 5 , 2 9 , 3 7 , 45
9, 37 , 4 5 , 4 6 , 5 5 , 3 7 , 4 6 , 55
10, 46 , 55 , 56 , 6 6 , 4 6 , 5 6 , 66  
1 1 ,5 6 , 6 6 , 6 7 , 7 8 , 5 6 , 6 7 , 78
12, 6 7 ,7 8 ,  7 9 , 9 1 , 6 7 , 7 9 , 9 1
13, 7 9 ,9 1 ,  9 2 , 105 , 7 9 , 92 , 105
14, 92, 105, 106, 120, 9 2 , 106 , 120
15, 106, 120, 121, 136, 106 , 121 , 136
16, 121, 136, 137, 153, 121 , 137 , 153
17, 137, 153, 154, 170, 137 , 154 , 170
18, 154, 170 , 171, 187, 154, 171 , 187
19, 171, 187, 188 , 2 0 4 , 171, 188 , 2 0 4
2 0 , 188, 2 0 4 , 2 0 5 , 2 2 1 , 188 , 2 0 5 , 221
21 , 2 0 5 , 2 2 1 , 2 2 2 , 2 3 8 , 2 0 5 , 2 2 2 , 2 3 8
22 , 2 2 2 , 2 3 8 , 2 3 9 , 2 5 5 , 2 2 2 , 2 3 9 , 2 5 5
23 , 2 3 9 , 2 5 5 , 2 5 6 , 2 7 2 , 2 3 9 , 2 5 6 , 2 7 2
24 , 2 5 6 , 2 7 2 , 2 7 3 , 2 8 9 , 2 5 6 , 2 7 3 , 2 8 9
25 , 2 7 3 , 2 8 9 , 2 9 0 , 3 0 6 , 2 7 3 , 2 9 0 , 3 0 6
26 , 2 9 0 , 3 0 6 , 3 0 7 , 3 2 3 , 2 9 0 , 3 0 7 , 323
2 7 , 3 0 7 , 3 2 3 , 3 2 4 , 3 4 0 , 3 0 7 , 3 2 4 , 3 4 0
2 8 , 324 , 3 4 0 , 3 4 1 , 3 5 7 , 3 2 4 , 3 4 1 , 3 5 7
29 , 3 4 1 , 3 5 7 , 3 5 8 , 3 7 4 , 3 4 1 , 3 5 8 , 3 7 4
30 , 358 , 3 7 4 , 3 7 5 , 3 9 1 , 3 5 8 , 3 7 5 , 391
31 , 375 , 3 9 1 , 3 9 2 , 4 0 8 , 3 7 5 , 3 9 2 , 4 0 8
32 , 3 9 2 , 4 0 8 , 4 0 9 , 4 2 5 , 3 9 2 , 4 0 9 , 4 2 5
33 , 4 0 9 , 4 2 5 , 4 2 6 , 4 4 2 , 4 0 9 , 4 2 6 , 4 4 2
34 , 4 2 6 , 4 4 2 , 4 4 3 , 4 5 9 , 4 2 6 , 4 4 3 , 4 5 9
35 , 4 43 , 4 5 9 , 4 6 0 , 4 7 6 , 4 4 3 , 4 6 0 , 4 7 6
36, 4 6 0 , 4 7 6 , 4 7 7 , 4 9 3 , 4 6 0 , 4 7 7 , 4 9 3
37 , 4 7 7 , 4 9 3 , 4 9 4 , 5 1 0 , 4 7 7 , 4 9 4 , 5 1 0
38 , 4 9 4 , 5 1 0 , 5 1 1 , 5 2 7 , 4 9 4 , 5 1 1 , 5 2 7
39 , 5 1 1 , 5 2 7 , 5 2 8 , 5 4 4 , 5 1 1 , 5 2 8 , 5 4 4




M IN E  W A S T E  D U M P  -  IN C R E M E N T A L  C O N S T R U C T IO N -F IL E : la 4 4 .D A T
T O T A L  N U M B E R  O F E L E M E N T S * * * * * * * * * * 5 4 4  
T O T A L  N U M B E R  O F N O D E S * * * * * * * * * * * * * 5 6 1  
N U M B E R  O F E L E M E N T S  IN  F O U N D A T IO N **  * 0  
N U M B E R  O F  N O D E S  IN  F O U N D A T IO N * * * * *  0 
N U M B E R  O F P R E E X IS T IN G  E L E M E N T S ****  0 
N U M B E R  O F P R E E X IS T IN G  N O D E S * * * * * * *  0 
N U M B E R  O F D IF F. M A T E R IA L S * * * * * * * * *  2  
N U M B E R  O F C O N S T R U C T IO N  L A Y E R S * * * * *  40  
N U M B E R  O F L O A D  C A S E S * * * * * * * * * * * * * *  0
R E S U L T S  O F T H E  F O L L O W IN G  L O A D  IN C R E M E N T S W ILL B E  P R IN T E D : 40
E X E C U T IO N  ST O P S A T  T H E  E N D  O F IN C R E M E N T  N O . 40
F IN A L  R E S U L T S  A R E  N O T  P U N C H E D  O U T
M A T E R IA L  P R O P E R T Y  D A T A
A T M O S P H E R IC  P R E S S U R E =  2 .1 1 6 0
Y O U N G 'S  M O D U L U S  B U L K  M O D U L U S
M A T  U N IT  W T  K  K U R  N  R F K B  M  C PH I D P H I K O
1 .1 5 0 0  2 5 0 0 .0  3 5 0 0 .0  .50  .80  1 5 0 0 .0 0  .25 5 .0 0  5 5 .0 0  9 .0 0  .30
2 .1 3 0 0  1 0 0 0 .0  2 0 0 0 .0  .4 0  .70  6 0 0 .0 0  .20  .0 0  4 4 .0 0  9 .0 0  .3 0
**NOTE: The format of this output file has been modified to present data in
columns and only the first page or two of each section is 
included. This has been done to reduce the length of the
printed file. The reader may reproduce the entire file by
running the input file presented above in FEADAM84.
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NODAL POINT INPUT DATA 46 .0 0 0 1 6 8 .7 5 0 1 0
47 2 5 .0 0 0 1 5 0 .0 0 0 0 0
N O D A L  P O IN T  C O O R D IN A T E S  & 48 5 0 .0 0 0 1 3 1 .2 5 0 0 0
B O U N D A R Y C O N D IT IO N  C O D E 49 7 5 .0 0 0 1 1 2 .5 0 0 0 0
50 1 0 0 .0 0 0 9 3 .7 5 0 0 0
N U M B E R  I<-O R D Y -O R D X X  Y Y 51 1 2 5 .0 0 0 7 5 .0 0 0 0 0
52 1 5 0 .0 0 0 5 6 .2 5 0 0 0
1 .0 0 0 .0 0 0 1 1 53 1 7 5 .0 0 0 3 7 .5 0 0 0 0
2 .0 0 0 1 8 .7 5 0 1 0 54 2 0 0 .0 0 0 1 8 .7 5 0 0 0
3 2 5 .0 0 0 .0 0 0 1 1 55 2 2 5 .0 0 0 .0 0 0 1 1
4 .0 0 0 3 7 .5 0 0 1 0 56 .0 0 0 1 8 7 .5 0 0 1 0
5 2 5 .0 0 0 1 8 .7 5 0 0 0 57 2 5 .0 0 0 1 6 8 .7 5 0 0 0
6 5O.O0O .0 0 0 1 1 58 5 0 .0 0 0 1 5 0 .0 0 0 0 0
7 .0 0 0 5 6 .2 5 0 1 0 59 7 5 .0 0 0 1 3 1 .2 5 0 0 0
8 2 5 .0 0 0 3 7 .5 0 0 0 0 60 1 0 0 .0 0 0 1 1 2 .5 0 0 0 0
9 5 0 .0 0 0 1 8 .7 5 0 0 0 61 1 2 5 .0 0 0 9 3 .7 5 0 0 0
10 7 5 .0 0 0 .0 0 0 1 1 62 1 5 0 .0 0 0 7 5 .0 0 0 0 0
11 .0 0 0 7 5 .0 0 0 1 0 63 1 7 5 .0 0 0 5 6 .2 5 0 0 0
12 2 5 .0 0 0 5 6 .2 5 0 1 0 64 2 0 0 .0 0 0 3 7 .5 0 0 0 0
13 5 0 .0 0 0 3 7 .5 0 0 1 0 65 2 2 5 .0 0 0 1 8 .7 5 0 0 0
14 7 5 .0 0 0 1 8 .7 5 0 1 0 66 2 5 0 .0 0 0 .0 0 0 1 1
15 1 0 0 .0 0 0 .0 0 0 1 1 67 .0 0 0  2 0 6 .2 5 0 1 0
16 .0 0 0 9 3 .7 5 0 1 0 68 2 5 .0 0 0 1 8 7 .5 0 0 0 0
17 2 5 .0 0 0 7 5 .0 0 0 0 0 69 5 0 .0 0 0 1 6 8 .7 5 0 0 0
18 5 0 .0 0 0 5 6 .2 5 0 0 0 70 7 5 .0 0 0 1 5 0 .0 0 0 0 0
19 7 5 .0 0 0 3 7 .5 0 0 0 0 71 1 0 0 .0 0 0 1 3 1 .2 5 0 0 0
20 1 0 0 .0 0 0 1 8 .7 5 0 0 0 72 1 2 5 .0 0 0 1 1 2 .5 0 0 0 0
21 1 2 5 .0 0 0 .0 0 0 1 1 73 1 5 0 .0 0 0 9 3 .7 5 0 0 0
2 2 .0 0 0 1 1 2 .5 0 0 1 0 74 1 7 5 .0 0 0 7 5 .0 0 0 0 0
23 2 5 .0 0 0 9 3 .7 5 0 0 0 75 2 0 0 .0 0 0 5 6 .2 5 0 0 0
2 4 5 0 .0 0 0 7 5 .0 0 0 0 0 76 2 2 5 .0 0 0 3 7 .5 0 0 0 0
25 7 5 .0 0 0 5 6 .2 5 0 0 0 77 2 5 0 .0 0 0 1 8 .7 5 0 0 0
2 6 1 0 0 .0 0 0 3 7 .5 0 0 0 0 78 2 7 5 .0 0 0 .0 0 0 1 1
2 7 1 2 5 .0 0 0 1 8 .7 5 0 0 0 79 .0 0 0  2 2 5 .0 0 0 1 0
2 8 1 5 0 .0 0 0 .0 0 0 1 1 80 2 5 .0 0 0 2 0 6 .2 5 0 0 0
2 9 .0 0 0  1 3 1 .2 5 0 1 0 81 5 0 .0 0 0 1 8 7 .5 0 0 0 0
30 2 5 .0 0 0 1 1 2 .5 0 0 0 0 82 7 5 .0 0 0 1 6 8 .7 5 0 0 0
31 5 0 .0 0 0 9 3 .7 5 0 0 0 83 1 0 0 .0 0 0 1 5 0 .0 0 0 0 0
3 2 7 5 .0 0 0 7 5 .0 0 0 0 0 84 1 2 5 .0 0 0 1 3 1 .2 5 0 0 0
33 1 0 0 .0 0 0 5 6 .2 5 0 0 0 85 1 5 0 .0 0 0 1 1 2 .5 0 0 0 0
34 1 2 5 .0 0 0 3 7 .5 0 0 0 0 86 1 7 5 .0 0 0 9 3 .7 5 0 0 0
35 1 5 0 .0 0 0 1 8 .7 5 0 0 0 87 2 0 0 .0 0 0 7 5 .0 0 0 0 0
3 6 1 7 5 .0 0 0 .0 0 0 1 1 88 2 2 5 .0 0 0 5 6 .2 5 0 0 0
3 7 .0 0 0  1 5 0 .0 0 0 1 0 89 2 5 0 .0 0 0 3 7 .5 0 0 0 0
3 8 2 5 .0 0 0 1 3 1 .2 5 0 0 0 90 2 7 5 .0 0 0 1 8 .7 5 0 0 0
3 9 5 0 .0 0 0 1 1 2 .5 0 0 0 0 91 3 0 0 .0 0 0 .0 0 0 1 1
4 0 7 5 .0 0 0 9 3 .7 5 0 0 0 92 .0 0 0  2 4 3 .7 5 0 1 0
41 1 0 0 .0 0 0 7 5 .0 0 0 0 0 93 2 5 .0 0 0  2 2 5 .0 0 0 0 0
42 1 2 5 .0 0 0 5 6 .2 5 0 0 0 94 5 0 .0 0 0  2 0 6 .2 5 0 0 0
43 1 5 0 .0 0 0 3 7 .5 0 0 0 0 95 7 5 .0 0 0  1 8 7 .5 0 0 0 0
4 4 1 7 5 .0 0 0 1 8 .7 5 0 0 0 96 100 .000 1 6 8 .7 5 0 0 0
4 5 2 0 0 .0 0 0 .0 0 0 1 1 97 125 .000 1 5 0 .0 0 0 0 0
—
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98 1 5 0 .0 0 0 1 3 1 .2 5 0 0 0 150 3 2 5 .0 0 0 5 6 .2 5 0 0 0
99 1 7 5 .0 0 0 1 1 2 .5 0 0 0 0 151 3 5 0 .0 0 0 3 7 .5 0 0 0 0
100 2 0 0 .0 0 0 9 3 .7 5 0 0 0 152 3 7 5 .0 0 0 1 8 .7 5 0 0 0
101 2 2 5 .0 0 0 7 5 .0 0 0 0 0 153 4 0 0 .0 0 0 .0 0 0 1 1
102 2 5 0 .0 0 0 5 6 .2 5 0 0 0 154 2 5 .0 0 0 3 0 0 .0 0 0 0 0
103 2 7 5 .0 0 0 3 7 .5 0 0 0 0 155 5 0 .0 0 0 2 8 1 .2 5 0 0 0
104 3 0 0 .0 0 0 1 8 .7 5 0 0 0 156 7 5 .0 0 0 2 6 2 .5 0 0 0 0
105 3 2 5 .0 0 0 .0 0 0 1 1 157 1 0 0 .0 0 0 2 4 3 .7 5 0 0 0
106 .0 0 0 2 6 2 .5 0 0 1 0 158 1 2 5 .0 0 0 2 2 5 .0 0 0 0 0
107 2 5 .0 0 0 2 4 3 .7 5 0 0 0 159 1 5 0 .0 0 0 2 0 6 .2 5 0 0 0
108 5 0 .0 0 0 2 2 5 .0 0 0 0 0 160 1 7 5 .0 0 0 1 8 7 .5 0 0 0 0
109 7 5 .0 0 0 2 0 6 .2 5 0 0 0 161 2 0 0 .0 0 0 1 6 8 .7 5 0 0 0
110 100 :0 0 0 1 8 7 .5 0 0 0 0 162 2 2 5 .0 0 0 1 5 0 .0 0 0 0 0
111 1 2 5 .0 0 0 1 6 8 .7 5 0 0 0 163 2 5 0 .0 0 0 1 3 1 .2 5 0 0 0
112 1 5 0 .0 0 0 1 5 0 .0 0 0 0 0 164 2 7 5 .0 0 0 1 1 2 .5 0 0 0 0
113 1 7 5 .0 0 0 1 3 1 .2 5 0 0 0 165 3 0 0 .0 0 0 9 3 .7 5 0 0 0
114 2 0 0 .0 0 0 1 1 2 .5 0 0 0 0 166 3 2 5 .0 0 0 7 5 .0 0 0 0 0
115 2 2 5 .0 0 0 9 3 .7 5 0 0 0 167 3 5 0 .0 0 0 5 6 .2 5 0 0 0
116 2 5 0 .0 0 0 7 5 .0 0 0 0 0 168 3 7 5 .0 0 0 3 7 .5 0 0 0 0
117 2 7 5 .0 0 0 5 6 .2 5 0 0 0 169 4 0 0 .0 0 0 1 8 .7 5 0 0 0
118 3 0 0 .0 0 0 3 7 .5 0 0 0 0 170 4 2 5 .0 0 0 .0 0 0 1 1
119 3 2 5 .0 0 0 1 8 .7 5 0 0 0 171 5 0 .0 0 0 3 0 0 .0 0 0 0 0
120 3 5 0 .0 0 0 .0 0 0 1 1 172 7 5 .0 0 0 2 8 1 .2 5 0 0 0
121 .0 0 0  2 8 1 .2 5 0 1 0 173 1 0 0 .0 0 0 2 6 2 .5 0 0 0 0
122 2 5 .0 0 0 2 6 2 .5 0 0 0 0 174 1 2 5 .0 0 0 2 4 3 .7 5 0 0 0
123 5 0 .0 0 0 2 4 3 .7 5 0 0 0 175 1 5 0 .0 0 0 2 2 5 .0 0 0 0 0
124 7 5 .0 0 0 2 2 5 .0 0 0 0 0 176 1 7 5 .0 0 0 2 0 6 .2 5 0 0 0
125 1 0 0 .0 0 0 2 0 6 .2 5 0 0 0 177 2 0 0 .0 0 0 1 8 7 .5 0 0 0 0
126 1 2 5 ,0 0 0 1 8 7 .5 0 0 0 0 178 2 2 5 .0 0 0 1 6 8 .7 5 0 0 0
127 1 5 0 .0 0 0 1 6 8 .7 5 0 0 0 179 2 5 0 .0 0 0 1 5 0 .0 0 0 0 0
128 1 7 5 .0 0 0 1 5 0 .0 0 0 0 0 180 2 7 5 .0 0 0 1 3 1 .2 5 0 0 0
129 2 0 0 .0 0 0 1 3 1 .2 5 0 0 0 181 3 0 0 .0 0 0 1 1 2 .5 0 0 0 0
130 2 2 5 .0 0 0 1 1 2 .5 0 0 0 0 182 3 2 5 .0 0 0 9 3 .7 5 0 0 0
131 2 5 0 .0 0 0 9 3 .7 5 0 0 0 183 3 5 0 .0 0 0 7 5 .0 0 0 0 0
132 2 7 5 .0 0 0 7 5 .0 0 0 0 0 184 3 7 5 .0 0 0 5 6 .2 5 0 0 0
133 3 0 0 .0 0 0 5 6 .2 5 0 0 0 185 4 0 0 .0 0 0 3 7 .5 0 0 0 0
134 3 2 5 .0 0 0 3 7 .5 0 0 0 0 186 4 2 5 .0 0 0 1 8 .7 5 0 0 0
135 3 5 0 .0 0 0 1 8 .7 5 0 0 0 187 4 5 0 .0 0 0 .0 0 0 1 1
136 3 7 5 .0 0 0 .000 1 1 188 7 5 .0 0 0 3 0 0 .0 0 0 0 0
137 .0 0 0  3 0 0 .0 0 0 1 0 189 1 0 0 .0 0 0 2 8 1 .2 5 0 0 0
138 2 5 .0 0 0 2 8 1 .2 5 0 0 0 190 1 2 5 .0 0 0 2 6 2 .5 0 0 0 0
139 5 0 .0 0 0 2 6 2 .5 0 0 0 0 191 1 5 0 .0 0 0 2 4 3 .7 5 0 0 0
140 7 5 .0 0 0 2 4 3 .7 5 0 0 0 192 1 7 5 .0 0 0 2 2 5 .0 0 0 0 0
141 1 0 0 .0 0 0 2 2 5 .0 0 0 0 0 193 2 0 0 .0 0 0 2 0 6 .2 5 0 0 0
142 1 2 5 .0 0 0 2 0 6 .2 5 0 0 0 194 2 2 5 .0 0 0 1 8 7 .5 0 0 0 0
143 1 5 0 .0 0 0 1 8 7 .5 0 0 0 0 195 2 5 0 .0 0 0 1 6 8 .7 5 0 0 0
144 1 7 5 .0 0 0 1 6 8 .7 5 0 0 0 196 2 7 5 .0 0 0 1 5 0 .0 0 0 0 0
145 2 0 0 .0 0 0 1 5 0 .0 0 0 0 0 197 3 0 0 .0 0 0 1 3 1 .2 5 0 0 0
146 2 2 5 .0 0 0 1 3 1 .2 5 0 0 0 198 3 2 5 .0 0 0 1 1 2 .5 0 0 0 0
147 2 5 0 .0 0 0 1 1 2 .5 0 0 0 0 199 3 5 0 .0 0 0 9 3 .7 5 0 0 0
148 2 7 5 .0 0 0 9 3 .7 5 0 0 0 200 3 7 5 .0 0 0 7 5 .0 0 0 0 0
149 3 0 0 .0 0 0 7 5 .0 0 0 0 0 201 4 0 0 .0 0 0 5 6 .2 5 0 0 0
373
5 1 4 6 2 5 .0 0 0 2 4 3 .7 5 0 0 0 539 8 5 0 .0 0 0 9 3 .7 5 0 0 0
5 1 5 6 5 0 .0 0 0 2 2 5 .0 0 0 0 0 540 8 7 5 .0 0 0 7 5 .0 0 0 0 0
5 1 6 6 7 5 .0 0 0 2 0 6 .2 5 0 0 0 541 9 0 0 .0 0 0 5 6 .2 5 0 0 0
5 1 7 7 0 0 .0 0 0 1 8 7 .5 0 0 0 0 542 9 2 5 .0 0 0 3 7 .5 0 0 0 0
5 1 8 7 2 5 .0 0 0 1 6 8 .7 5 0 0 0 543 9 5 0 .0 0 0 1 8 .7 5 0 0 0
5 1 9 7 5 0 .0 0 0 1 5 0 .0 0 0 0 0 544 9 7 5 .0 0 0 .0 0 0 1 1
5 2 0 7 7 5 .0 0 0 1 3 1 .2 5 0 0 0 545 6 0 0 .0 0 0 3 0 0 .0 0 0 0 0
521 8 0 0 .0 0 0 1 1 2 .5 0 0 0 0 546 6 2 5 .0 0 0 2 8 1 .2 5 0 0 0
5 2 2 8 2 5 .0 0 0 9 3 .7 5 0 0 0 547 6 5 0 .0 0 0 2 6 2 .5 0 0 0 0
523 8 5 0 .0 0 0 7 5 .0 0 0 0 0 548 6 7 5 .0 0 0 2 4 3 .7 5 0 0 0
5 2 4 8 7 5 .0 0 0 5 6 .2 5 0 0 0 549 7 0 0 .0 0 0 2 2 5 .0 0 0 0 0
5 2 5 9 0 0 .0 0 0 3 7 .5 0 0 0 0 550 7 2 5 .0 0 0 2 0 6 .2 5 0 0 0
5 2 6 9 2 5 .0 0 0 1 8 .7 5 0 0 0 551 7 5 0 .0 0 0 1 8 7 .5 0 0 0 0
5 2 7 9 5 0 .0 0 0 .0 0 0 1 1 552 7 7 5 .0 0 0 1 6 8 .7 5 0 0 0
5 2 8 5 7 5 .0 0 0 3 0 0 .0 0 0 0 0 553 8 0 0 .0 0 0 1 5 0 .0 0 0 0 0
5 2 9 6 0 0 .0 0 0 2 8 1 .2 5 0 0 0 554 8 2 5 .0 0 0 1 3 1 .2 5 0 0 0
5 3 0 6 2 5 .0 0 0 2 6 2 .5 0 0 0 0 555 8 5 0 .0 0 0 1 1 2 .5 0 0 0 0
5 3 1 6 5 0 .0 0 0 2 4 3 .7 5 0 0 0 556 8 7 5 .0 0 0 9 3 .7 5 0 0 0
5 3 2 6 7 5 .0 0 0 2 2 5 .0 0 0 0 0 557 9 0 0 .0 0 0 7 5 .0 0 0 0 0
533 7 0 0 .0 0 0 2 0 6 .2 5 0 0 0 558 9 2 5 .0 0 0 5 6 .2 5 0 0 0
5 3 4 7 2 5 .0 0 0 1 8 7 .5 0 0 0 0 559 9 5 0 .0 0 0 3 7 .5 0 0 0 0
5 3 5 7 5 0 .0 0 0 1 6 8 .7 5 0 0 0 560 9 7 5 .0 0 0 1 8 .750 0 0
5 3 6 7 7 5 .0 0 0 1 5 0 .0 0 0 0 0 561 1 0 0 0 .0 0 0 .0 0 0 1 1
5 3 7 8 0 0 .0 0 0 1 3 1 .2 5 0 0 0
5 3 8 8 2 5 .0 0 0 1 1 2 .5 0 0 0 0
FOUR NODES SOLID ELEMENT DATA
E L E  C O N N E C T E D  N O D E S  M A T L  E L E M E N T  C E N T E R  C O O R D IN A T E S  
N O . I J K  L  N O . X -O R D  Y -O R D
19 19 20 26 25 1 8 7 .5 0 0 3 7 .5 0 0
1 1 3 2 2  1 6 .2 5 0 9 .375 20 20 21 27 26 1 1 1 2 .5 0 0 1 8 .7 5 0
2 2 3 5 4  1 1 2 .5 0 0 18 .750 21 21 28 27 27 1 1 3 1 .2 5 0 9 .3 7 5
3 3 6 5 5 1 3 1 .2 5 0 9 .375 22 22 23 30 29 1 1 2 .5 0 0 1 1 2 .5 0 0
4 4 5 8 7 1 1 2 .5 0 0 3 7 .5 0 0 23 23 24 31 30 1 3 7 .5 0 0 9 3 .7 5 0
5 5 6 9 8 1 3 7 .5 0 0 18 .750 24 24 25 32 31 1 6 2 .5 0 0 7 5 .0 0 0
6 6 10 9 9 1 5 6 .2 5 0 9 .375 25 25 26 33 32 1 8 7 .5 0 0 5 6 .2 5 0
7 7 8 12 11 1 1 2 .5 0 0 5 6 .2 5 0 26 26 27 34 33 1 1 1 2 .5 0 0 3 7 .5 0 0
8 8 9 13 12 1 3 7 .5 0 0 3 7 .5 0 0 27 27 28 35 3 4 1 1 3 7 .5 0 0 1 8 .7 5 0
9 9 10 14 13 1 6 2 .5 0 0 18.750 28 28 36 35 35 1 1 5 6 .2 5 0 9 .3 7 5
10 10 15 14 14 1 8 1 .2 5 0 9 .375 2 9 29 30 38 37 1 1 2 .5 0 0 1 3 1 .2 5 0
11 11 12 17 16 1 1 2 .5 0 0 7 5 .0 0 0 30 30 31 39 38 1 3 7 .5 0 0 1 1 2 .5 0 0
12 12 13 18 17 1 3 7 .5 0 0 5 6 .2 5 0 31 31 32 4 0 39 1 6 2 .5 0 0 9 3 .7 5 0
13 13 14 19 18 1 6 2 .5 0 0 3 7 .5 0 0 32 32 33 41 40 1 8 7 .5 0 0 7 5 .0 0 0
14 14 15 2 0 19 I 8 7 .5 0 0 18 .750 33 33 34 42 41 1 1 1 2 .5 0 0 5 6 .2 5 0
15 15 21 20 20 1 1 0 6 .2 5 0 9 .3 7 5 34 34 35 43 42 1 1 3 7 .5 0 0 3 7 .5 0 0
16 16 17 23 22 1 1 2 .5 0 0 9 3 .7 5 0 35 35 36 4 4 43 1 1 6 2 .5 0 0 1 8 .7 5 0
17 17 18 24 23 1 3 7 .5 0 0 7 5 .0 0 0 36 36 45 4 4 44 1 1 8 1 .2 5 0 9 .3 7 5
18 18 19 25 24 1 6 2 .5 0 0 5 6 .2 5 0 37 37 38 4 7 46 1 1 2 .5 0 0 1 5 0 .0 0 0
374
3 8 38 39 48 47 1 3 7 .5 0 0 13 1 .2 5 0 90 90 91 104 103 1 2 8 7 .5 0 0 1 8 .7 5 0
3 9 39 4 0 49 48 1 6 2 .5 0 0 112 .500 91 91 105 104 104 1 3 0 6 .2 5 0 9 .3 7 5
4 0 4 0 41 50 49 1 8 7 .5 0 0 9 3 .7 5 0 92 92 93 107 106 1 1 2 .5 0 0 2 4 3 .7 5 0
41 41 42 51 50 1 1 1 2 .5 0 0 7 5 .0 0 0 93 93 94 108 107 1 3 7 .5 0 0 2 2 5 .0 0 0
4 2 4 2 43 52 51 1 1 3 7 .5 0 0 5 6 .2 5 0 94 94 95 109 108 1 6 2 .5 0 0 2 0 6 .2 5 0
43 43 4 4 53 52 1 1 6 2 .5 0 0 3 7 .5 0 0 95 95 96 110 109 1 8 7 .5 0 0 1 8 7 .5 0 0
4 4 4 4 4 5 54 53 1 1 8 7 .5 0 0 1 8 .750 96 96 97 111 110 1 1 1 2 .5 0 0 1 6 8 .7 5 0
45 45 55 54 54 1 2 0 6 .2 5 0 9 .3 7 5 97 97 98 112 111 1 1 3 7 .5 0 0 1 5 0 .0 0 0
4 6 4 6 4 7 5 7 56 1 1 2 .5 0 0 16 8 .7 5 0 98 98 99 113 112 1 1 6 2 .5 0 0 1 3 1 .2 5 0
4 7 4 7 48 58 57 1 3 7 .5 0 0 150 .000 99 99 100 114 113 1 1 8 7 .5 0 0 1 1 2 .5 0 0
48 4 8 4 9 59 58 1 6 2 .5 0 0 13 1 .2 5 0 100 100 101 115 114 1 2 1 2 .5 0 0 9 3 .7 5 0
4 9 4 9 5 0 6 0 59 1 8 7 .5 0 0 11 2 .5 0 0 101 101 102 116 115 1 2 3 7 .5 0 0 7 5 .0 0 0
50 50 51 61 60 1 1 1 2 .5 0 0 9 3 .7 5 0 102 102 103 117 116 1 2 6 2 .5 0 0 5 6 .2 5 0
51 51 52 62 61 1 1 3 7 .5 0 0 7 5 .0 0 0 103 103 104 118 117 1 2 8 7 .5 0 0 3 7 .5 0 0
5 2 5 2 53 63 62 1 1 6 2 .5 0 0 5 6 .2 5 0 104 104 105 119 118 1 3 1 2 .5 0 0 1 8 .750
53 53 54 6 4 63 1 1 8 7 .5 0 0 3 7 .5 0 0 105 105 120 119 119 1 3 3 1 .2 5 0 9 .3 7 5
54 5 4 55 65 6 4 1 2 1 2 .5 0 0 1 8 .750 106 106 107 122 121 1 1 2 .5 0 0 2 6 2 .5 0 0
55 55 6 6 65 65 1 2 3 1 .2 5 0 9 .375 107 107 108 123 122 1 3 7 .5 0 0 2 4 3 .7 5 0
56 56 5 7 68 67 1 1 2 .5 0 0 187 .500 108 108 109 124 123 1 6 2 .5 0 0 2 2 5 .0 0 0
57 57 58 69 68 1 3 7 .5 0 0 168 .750 109 109 110 125 124 1 8 7 .5 0 0 2 0 6 .2 5 0
58 58 59 70 69 1 6 2 .5 0 0 15 0 .0 0 0 110 110 111 126 125 1 1 1 2 .5 0 0 1 8 7 .5 0 0
59 5 9 6 0 71 70 1 8 7 .5 0 0 13 1 .2 5 0 111 111 112 127 126 1 1 3 7 .5 0 0 1 6 8 .7 5 0
6 0 6 0 61 72 71 1 1 1 2 .5 0 0 112 .500 112 112 113 128 127 1 1 6 2 .5 0 0 1 5 0 .0 0 0
61 61 6 2 73 72 1 1 3 7 .5 0 0 9 3 .7 5 0 113 113 114 129 128 1 1 8 7 .5 0 0 1 3 1 .2 5 0
62 6 2 63 74 73 1 1 6 2 .5 0 0 7 5 .0 0 0 114 114 115 130 129 1 2 1 2 .5 0 0 1 1 2 .5 0 0
63 63 64 75 74 1 1 8 7 .5 0 0 5 6 .2 5 0 115 115 116 131 130 1 2 3 7 .5 0 0 9 3 .7 5 0
6 4 6 4 6 5 76 75 1 2 1 2 .5 0 0 3 7 .5 0 0 116 116 117 132 131 1 2 6 2 .5 0 0 7 5 .0 0 0
65 65 6 6 7 7 76 1 2 3 7 .5 0 0 1 8 .750 117 117 118 133 132 1 2 8 7 .5 0 0 5 6 .2 5 0
6 6 66 7 8 7 7 77 1 2 5 6 .2 5 0 9 .3 7 5 118 118 119 134 133 1 3 1 2 .5 0 0 3 7 .5 0 0
6 7 6 7 68 80 79 1 1 2 .500 2 0 6 .2 5 0 119 119 120 135 134 1 3 3 7 .5 0 0 1 8 .750
6 8 6 8 69 81 80 1 3 7 .5 0 0 1 8 7 .5 0 0 120 120 136 135 135 1 3 5 6 .2 5 0 9 .3 7 5
6 9 6 9 70 82 81 1 6 2 .5 0 0 16 8 .7 5 0 121 121 122 138 137 1 1 2 .5 0 0 2 8 1 .2 5 0
7 0 7 0 71 83 82 1 8 7 .5 0 0 1 5 0 .0 0 0 122 122 123 139 138 1 3 7 .5 0 0 2 6 2 .5 0 0
71 71 72 84 83 1 1 1 2 .5 0 0 1 3 1 .2 5 0 123 123 124 140 139 1 6 2 .5 0 0 2 4 3 .7 5 0
7 2 7 2 73 85 84 1 1 3 7 .5 0 0 1 1 2 .5 0 0 124 124 125 141 140 1 8 7 .5 0 0 2 2 5 .0 0 0
73 73 7 4 86 85 1 1 6 2 .5 0 0 9 3 .7 5 0 125 125 126 142 141 1 1 1 2 .5 0 0 2 0 6 .2 5 0
74 74 75 87 86 1 1 8 7 .5 0 0 7 5 .0 0 0 126 126 127 143 142 1 1 3 7 .5 0 0 1 8 7 .5 0 0
75 75 76 88 87 1 2 1 2 .5 0 0 5 6 .2 5 0 127 127 128 144 143 1 1 6 2 .5 0 0 1 6 8 .7 5 0
76 76 77 89 88 1 2 3 7 .5 0 0 3 7 .5 0 0 128 128 129 145 144 1 1 8 7 .5 0 0 1 5 0 .0 0 0
7 7 77 78 90 89 1 2 6 2 .5 0 0 1 8 .750 129 129 130 146 145 1 2 1 2 .5 0 0 1 3 1 .2 5 0
7 8 78 91 90 90 l 2 8 1 .2 5 0 9 .3 7 5 130 130 131 147 146 1 2 3 7 .5 0 0 1 1 2 .5 0 0
79 79 80 93 92 1 1 2 .5 0 0 22.5,000 131 131 132 148 147 1 2 6 2 .5 0 0 9 3 .7 5 0
80 8 0 81 94 93 1 3 7 .5 0 0 2 0 6 .2 5 0 132 132 133 149 148 1 2 8 7 .5 0 0 7 5 .0 0 0
81 81 8 2 95 94 1 6 2 .5 0 0 1 8 7 .5 0 0 133 133 134 150 149 1 3 1 2 .5 0 0 5 6 .2 5 0
82 82 83 96 95 1 8 7 .5 0 0 1 6 8 .7 5 0 134 134 135 151 150 1 3 3 7 .5 0 0 3 7 .5 0 0
83 83 84 97 96 1 1 1 2 .5 0 0 1 5 0 .0 0 0 135 135 136 152 151 1 3 6 2 .5 0 0 1 8 .750
84 84 85 98 97 1 1 3 7 .5 0 0 13 1 .2 5 0 136 136 153 154 154 1 2 0 6 .2 5 0 1 5 0 .0 0 0
8 5 85 86 99 98 1 1 6 2 .5 0 0 1 1 2 .5 0 0 137 137 138 154 154 1 1 8 .7 5 0 2 9 5 .3 1 3
8 6 86 87 100 99 1 1 8 7 .5 0 0 9 3 .7 5 0 138 138 139 155 154 1 3 7 .5 0 0 2 8 1 .2 5 0
8 7 8 7 88 101 100 1 2 1 2 .5 0 0 7 5 .0 0 0 139 139 140 156 155 1 6 2 .5 0 0 2 6 2 .5 0 0
88 8 8 89 102 101 1 2 3 7 .5 0 0 5 6 .2 5 0 140 140 141 157 156 1 8 7 .5 0 0 2 4 3 .7 5 0
89 89 90 103 102 1 2 6 2 .5 0 0 3 7 .5 0 0 141 141 142 158 157 1 1 1 2 .5 0 0 2 2 5 .0 0 0























2 4  2 5
2 6  27
2 8  2 9
3 0  31
3 2  33
0  0
0  3 4
35  36
3 7  38
3 9  4 0
41  4 2
43  4 4
4 5  4 6
0 0
0  4 7
4 8  4 9
5 0  51
52  53
5 4  5 5
5 6  57
5 8  59
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6 7 0 98
68 99 100























































124 199 2 0 0
125 201 2 0 2
126 203 2 0 4
127 205 2 0 6
128 2 0 7 2 0 8
129 2 0 9 2 1 0
130 211 2 1 2
131 213 2 1 4
132 215 2 1 6
133 2 1 7 2 1 8
134 219 2 2 0
135 221 2 2 2
136 0 0
137 0 223
138 224 2 2 5
139 2 2 6 2 2 7
140 2 2 8 2 2 9
141 2 3 0 231
142 2 3 2 233
143 2 3 4 2 3 5
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N U M B E R  O F  E Q U A T IO N S : 1021 
N U M B E R  O F  E Q U A T IO N S  IN  BLO CK : 100
CONSTRUCTION LAYER 
INFORMATION
L A Y E R  E L E M E N T S  N O D E S  O N  TO P  
A D D E D  A D D E D  SU R FA C E
1 1 1 1 3 1 2 3
2 2 3 4 6 2 4 6
3 4 6 7  :10 4 7 10
4 7 10 11 15 7 11 15
5 11 15 16 21 11 16 21
6 16 21 22 28 16 22 28
7 22 28 2 9 36 22 29 36
8 2 9 3 6 3 7 45 29 37 45
9 3 7 45 46 55 37 46 55
10 4 6 55 56 66 46 56 66
11 56 66 67 78 56 67 78
12 6 7 78 79 91 67 79 91
13 79 91 92 105 79 92 105
14 92 105 106 120 92 106 120
15 106 120 121 136 106 121 136
16 121 136 137 153 121 137 153
17 137 153 154 170 137 154 170
18 154 170 171 187 154 171 187
19 171 187 188 2 0 4 171 188 2 0 4
20 188 2 0 4 205 221 188 2 0 5 221
21 205 221 2 2 2 2 3 8 2 0 5 2 2 2 2 3 8
22 2 2 2 2 3 8 2 3 9 255 2 2 2 2 3 9 255
23 239 255 2 5 6 2 7 2 2 3 9 2 5 6 2 7 2
24 2 5 6 272 273 2 8 9 2 5 6 273 2 8 9
25 273 2 8 9 2 9 0 3 0 6 2 7 3 2 9 0 306
26 290 306 3 0 7 323 2 9 0 3 0 7 323
27 307 323 3 2 4 3 4 0 3 0 7 3 2 4 340
28 324 3 4 0 341 3 5 7 3 2 4 341 3 5 7
29 341 3 5 7 3 5 8 3 7 4 341 3 5 8 374
30 358 3 7 4 375 391 3 5 8 375 391
31 375 391 3 9 2 4 0 8 3 7 5 3 9 2 4 0 8
32 3 9 2 4 0 8 4 0 9 425 3 9 2 4 0 9 4 2 5
33 4 0 9 425 4 2 6 4 4 2 4 0 9 4 2 6 4 4 2
34 4 2 6 4 4 2 443 4 5 9 4 2 6 443 4 5 9
35 443 4 5 9 4 6 0 4 7 6 4 4 3 4 6 0 4 7 6
36 460 476 4 7 7 493 4 6 0 4 7 7 493
37 4 7 7 493 4 9 4 5 1 0 4 7 7 4 9 4 510
38 4 9 4 510 511 5 2 7 4 9 4 511 5 2 7
39 511 5 2 7 5 2 8 5 4 4 511 528 5 4 4
40 528 5 4 4 545 561 5 2 8 545 561
377
INITIAL VALUES IN ELEMENTS
E L E  X -O R D  Y -O R D  E L A S M O D  B U L K  M O D  SIG -X  S IG -Y  T A U -X Y  SL C R IT
1 6 .2 5 0 9 .3 7 5 1 1 6 4 .0 1500 .9 .211 .703 -.211 .0 1 0
2 1 2 .5 0 0 1 8 .7 5 0 1284 .3 1589 .0 .422 1.406 -.4 2 2 .0 2 0
3 3 1 .2 5 0 9 .3 7 5 1 1 6 4 .0 1500 .9 .211 .703 -.211 .0 1 0
4 1 2 .5 0 0 3 7 .5 0 0 1284 .3 1589 .0 .422 1.406 -.4 2 2 .0 2 0
5 3 7 .5 0 0 1 8 .7 5 0 1284 .3 1589 .0 .422 1.406 -.4 2 2 .0 2 0
6 5 6 .2 5 0 9 .3 7 5 1 1 6 4 .0 1500 .9 .211 .703 -.211 .0 1 0
7 1 2 .5 0 0 5 6 .2 5 0 1284 .3 1589 .0 .422 1.406 -.4 2 2 .0 2 0
8 3 7 .5 0 0 3 7 .5 0 0 1284 .3 1589 .0 .422 1.406 -.4 2 2 .0 2 0
9 6 2 .5 0 0 1 8 .7 5 0 1284 .3 1589 .0 .422 1.406 -.4 2 2 .0 2 0
10 8 1 .2 5 0 9 .3 7 5 1 1 64 .0 1500 .9 .211 .703 -.211 .0 1 0
11 1 2 .5 0 0 7 5 .0 0 0 1284.3 1 5 89 .0 .422 1.406 -.4 2 2 .0 2 0
12 3 7 .5 0 0 5 6 .2 5 0 1284.3 1589 .0 .422 1.406 -.4 2 2 .0 2 0
13 6 2 .5 0 0 3 7 .5 0 0 1284 .3 1 5 89 .0 .422 1.406 -.4 2 2 .0 2 0
14 8 7 .5 0 0 1 8 .7 5 0 1284 .3 1 5 89 .0 .422 1.406 -.4 2 2 .0 2 0
15 1 0 6 .2 5 0 9 .3 7 5 1 1 6 4 .0 1500 .9 .211 .703 -.211 .0 1 0
16 1 2 .5 0 0 9 3 .7 5 0 1284 .3 1589 .0 .422 1.406 -.4 2 2 .0 2 0
17 3 7 .5 0 0 7 5 .0 0 0 1284.3 1589 .0 .422 1.406 -.4 2 2 .0 2 0
18 6 2 .5 0 0 5 6 .2 5 0 1284 .3 1589 .0 .422 1.406 -.4 2 2 .0 2 0
19 8 7 .5 0 0 3 7 .5 0 0 1284 .3 1589 .0 .422 1.406 -.4 2 2 .0 2 0
2 0 1 1 2 .5 0 0 1 8 .750 1284.3 1589 .0 .422 1.406 -.4 2 2 .0 2 0
21 1 3 1 .2 5 0 9 .3 7 5 1 1 64 .0 1 5 00 .9 .211 .703 -.211 .0 1 0
2 2 1 2 .5 0 0 1 1 2 .5 0 0 1284.3 1589 .0 .422 1.406 -.4 2 2 .0 2 0
23 3 7 .5 0 0 9 3 .7 5 0 1284 .3 1589 .0 .422 1.406 -.4 2 2 .0 2 0
2 4 6 2 .5 0 0 7 5 .0 0 0 1284 .3 1 5 89 .0 .422 1.406 -.4 2 2 .0 2 0
25 8 7 .5 0 0 5 6 .2 5 0 1284 .3 1 5 89 .0 .422 1.406 -.4 2 2 .0 2 0
2 6 1 1 2 .5 0 0 3 7 .5 0 0 1284 .3 1 5 89 .0 .422 1.406 -.4 2 2 .0 2 0
2 7 1 3 7 .5 0 0 1 8 .7 5 0 1284 .3 1589 .0 .422 1.406 -.4 2 2 .0 2 0
2 8 1 5 6 .2 5 0 9 .3 7 5 1 1 6 4 .0 1500 .9 .211 .703 -.211 .0 1 0
2 9 1 2 .5 0 0 1 3 1 .2 5 0 1284 .3 1589 .0 .422 1.406 -.4 2 2 .0 2 0
3 0 3 7 .5 0 0 1 1 2 .5 0 0 1284 .3 1589 .0 .422 1.406 -.4 2 2 .0 2 0
31 6 2 .5 0 0 9 3 .7 5 0 1284 .3 1589 .0 .422 1.406 -.4 2 2 .0 2 0
3 2 8 7 .5 0 0 7 5 .0 0 0 1284 .3 1589 .0 .422 1.406 -.4 2 2 .0 2 0
33 1 1 2 .5 0 0 5 6 .2 5 0 1284 .3 1589 .0 .422 1.406 -.4 2 2 .0 2 0
3 4 1 3 7 .5 0 0 3 7 .5 0 0 1284 .3 1589 .0 .422 1.406 -.4 2 2 .0 2 0
3 5 1 6 2 ,5 0 0 1 8 .7 5 0 1284 .3 1589 .0 .422 1.406 -.4 2 2 .0 2 0
3 6 1 8 1 .2 5 0 9 .3 7 5 1 1 64 .0 1500 .9 .211 .703 -.211 .0 1 0
3 7 1 2 .5 0 0 1 5 0 .0 0 0 1284 .3 1 5 89 .0 .422 1.406 -.4 2 2 .0 2 0
38 3 7 .5 0 0 1 3 1 .2 5 0 1284 .3 1589 .0 .422 1.406 .0 2 0
3 9 6 2 .5 0 0 1 1 2 .5 0 0 1284 .3 1 5 89 .0 .422 1.406 -.4 2 2 .0 2 0
4 0 8 7 .5 0 0 9 3 .7 5 0 1284 .3 1 5 89 .0 .422 1 .406 -.4 2 2 .0 2 0
41 1 1 2 .5 0 0 7 5 .0 0 0 1284 .3 1 589 .0 .422 1.406 -.4 2 2 .0 2 0
4 2 1 3 7 .5 0 0 5 6 .2 5 0 1284.3 1 589 .0 .422 1.406 -.4 2 2 .0 2 0
43 1 6 2 .5 0 0 3 7 .5 0 0 1284 .3 1 589 .0 .422 1.406 -.4 2 2 .0 2 0
4 4 1 8 7 .5 0 0 1 8 .7 5 0 1284 .3 1 5 89 .0 .422 1.406 -.4 2 2 .0 2 0
4 5 2 0 6 .2 5 0 9 .3 7 5 1 1 64 .0 1 5 00 .9 .211 .703 -.211 .0 1 0
4 6 1 2 .5 0 0 1 6 8 .7 5 0 1284 .3 1589 .0 .422 1.406 -.4 2 2 .0 2 0
4 7 3 7 .5 0 0 1 5 0 .0 0 0 1284 .3 1 5 89 .0 .422 1.406 -.4 2 2 .0 2 0
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M IN E  W A S T E  D U M P  -  IN C R E M E N T A L  C O N S T R U C T IO N -F IL E :la 4 4 .D A T
* LAYER NUMBER***************************** 4 0
A D D E D  E L E M E N T S * * * * * * * * * * * * * * * * * * * *  528  TH R U  544  
A D D E D  N O D A L  P O IN T S * * * * * * * * * * * * * * * *  545  T H R U  561  
N O D A L  P O IN T S  O F H U M P E D  SU R F A C E **** 528  545  561
B A N D  W ID T H * * * * * * * * * * * * * * * * * * * * * * * *  34 
T O T A L  N U M B E R  O F E Q U A T IO N S * * * * * * * * * 1 0 2 1  
N U M B E R  O F E Q U A T IO N S  IN  B L O C K ******  100  
N U M B E R  O F  B L O C K S * * * * * * * * * * * * * * * * * *  n
NODAL POINT FORCES (WEIGHTS OF ADDED ELEMENTS)
N P  X -F O R C E  Y -F O R C E
5 2 8 .0 0 0 -1 0 .1 5 6 545 .0 0 0 -2 5 .3 9 1
5 2 9 .0 0 0 -2 5 .3 9 1 546 .0 0 0 -3 0 .4 6 9
5 3 0 .0 0 0 -3 0 .4 6 9 547 .0 0 0 -3 0 .4 6 9
531 .0 0 0 -3 0 .4 6 9 548 .0 0 0 -3 0 .4 6 9
5 3 2 .0 0 0 -3 0 .4 6 9 549 .0 0 0 -3 0 .4 6 9
533 .0 0 0 -3 0 .4 6 9 550 .0 0 0 -3 0 .4 6 9
5 3 4 .0 0 0 -3 0 .4 6 9 551 .0 0 0 -3 0 .4 6 9
5 3 5 .0 0 0 -3 0 .4 6 9 552 .0 0 0 -3 0 .4 6 9
5 3 6 .0 0 0 -3 0 .4 6 9 553 .0 0 0 -3 0 .4 6 9
5 3 7 .0 0 0 -3 0 .4 6 9 554 .0 0 0 -3 0 .4 6 9
5 3 8 .0 0 0 -3 0 .4 6 9 555 .0 0 0 -3 0 .4 6 9
5 3 9 .0 0 0 -3 0 .4 6 9 556 .0 0 0 -3 0 .4 6 9
5 4 0 .0 0 0 -3 0 .4 6 9 557 .0 0 0 -3 0 .4 6 9
541 .0 0 0 -3 0 .4 6 9 558 .0 0 0 -3 0 .4 6 9
5 4 2 .0 0 0 -3 0 .4 6 9 559 .0 0 0 -3 0 .4 6 9
543 .0 0 0 -3 0 .4 6 9 560 .0 0 0 -2 5 .3 9 1
5 4 4 .0 0 0 -2 5 .3 9 1 561 .0 0 0 -1 0 .1 5 6
LAYER NUMBER = 40 
ITERATION = 2
NP A-X A-Y X-DISP Y-DISP TOTAL NP
1 .0000 .0000 .0000 .0000 .0000 1
2 .0000 .0000 .0000 -.1200 .1200 2
3 .0000 .0000 .0000 .0000 .0000 3
4 .0000 .0000 .0000 -.2385 .2385 4
5 .0000 .0000 .0080 -.1136 .1139 5
6 .0000 .0000 .0000 .0000 .0000 6
7 .0000 .0000 .0000 -.3216 .3216 7
8 .0000 .0000 .0024 -.2059 .2059 8
9 .0000 .0000 -.0004 -.1052 .1052 9
10 .0000 .0000 .0000 .0000 .0000 10
11 .0000 .0000 .0000 -.3907 .3907 11
12 .0000 .0000 .0000 -.2784 .2784 12
13 .0000 .0000 .0000 -.1924 .1924 13
E
379
14 .0000 .0000 .0000 -.1031 .1031 14
15 .0000 .0000 .0000 .0000 .0000 15
16 .0000 .0000 .0000 -.5152 .5152 16
17 .0000 .0000 .0537 -.3906 .3943 17
18 .0000 .0000 .0454 -.3148 .3181 18
19 .0000 .0000 .0350 -.2222 .2250 19
20 .0000 .0000 .0155 -.1117 .1127 20
21 .0000 .0000 .0000 .0000 .0000 21
22 .0000 .0000 .0000 -.6401 .6401 22
23 .0000 .0000 .0739 -.4885 .4941 23
24 -.0001 .0000 .0813 -.4037 .4118 24
25 -.0001 .0000 .0632 -.3197 .3259 25
26 -.0001 .0000 .0443 -.2201 .2246 26
27 -.0001 .0000 .0185 -.1111 .1126 27
28 .0000 ' .0000 .0000 .0000 .0000 28
29 .0000 .0000 .0000 -.7366 .7366 29
30 .0000 .0000 .0804 -.5753 .5809 30
31 -.0001 .0000 .1049 -.4767 .4881 31
32 -.0001 .0000 .0909 -.4009 .4111 32
33 -.0001 .0000 .0701 -.3135 .3212 33
34 -.0001 .0000 .0467 -.2164 .2214 34
35 -.0001 .0000 .0186 -.1106 .1121 35
36 .0000 .0000 .0000 .0000 .0000 36
37 .0000 .0000 .0000 -.8037 .8037 37
38 .0000 .0000 .0821 -.6449 .6501 38
39 -.0001 .0000 .1185 -.5404 .5532 39
40 -.0001 .0000 .1148 -.4665 .4804 40
41 -.0002 .0000 .0945 -.3934 .4046 41
42 -.0002 .0000 .0722 -.3074 .3157 42
43 -.0002 .0000 .0461 -.2141 .2190 43
44 -.0001 .0000 .0181 -.1100 .1115 44
45 .0000 .0000 .0000 .0000 .0000 45
46 .0000 .0000 .0000 -.8431 .8431 46
47 -.0001 .0000 .0820 -.6937 .6986 47
48 -.0001 .0000 .1256 -.5914 .6046 48
49 -.0001 .0000 .1323 -.5201 .5367 49
50 -.0002 .0000 .1170 -.4574 .4721 50
51 -.0002 .0000 .0952 -.3860 .3975 51
52 -.0002 .0000 .0712 -.3032 .3114. 52
53 -.0002 .0000 .0443 -.2127 .2173 53
54 -.0002 .0000 .0175 -.1091 .1105 54
55 .0000 .0000 .0000 .0000 .0000 55
56 .0000 .0000 .0000 -.8553 .8553 56
57 -.0001 .0000 .0806 -.7192 .7237 57
58 -.0001 .0000 .1282 -.6260 .6390 58
59 -.0002 .0000 .1432 -.5605 .5785 59
60 -.0002 .0000 .1352 -.5073 .5251 60
61 -.0002 .0000 .1160 -.4492 .4640 61
62 -.0003 .0000 .0935 -.3801 .3914 62
63 -.0003 .0000 .0683 -.3006 .3082 63
64 -.0003 .0000 .0424 -.2109 .2151 64
65 -.0002 .0000 .0170 -.1078 .1091 65
66 .0000 .0000 .0000 .0000 .0000 66
67 .0000 .0001 .0000 -.8395 .8395 67
68 -.0001 .0000 .0784 -.7191 .7233 68
69 -.0001 .0000 .1273 -.6404 .6529 69
70 -.0002 .0000 .1484 -.5858 .6043 70
71 -.0002 .0000 .1473 -.5431 .5627 71
72 -.0003 .0001 .1335 -.4979 .5154 72
73 -.0003 .0000 .1128 -.4423 .4565 73
74 -.0003 .0000 .0898 -.3760 .3866 74
75 -.0004 .0000 .0646 -.2981 .3050 75
76 -.0004 .0000 .0408 -.2084 .2124 76
77 -.0003 .0000 .0165 -.1063 .1076 77
78 .0000 .0000 .0000 .0000 .0000 78
79 .0000 .0001 .0000 -.7960 .7960 79
80 -.0001 .0001 .0770 -.6920 .6963 80
81 -.0001 .0001 .1242 -.6316 .6437 81
82 -.0002 .0001 .1489 -.5937 .6121 82
83 -.0002 .0001 .1538 -.5639 .5845 83
84 -.0003 .0001 .1453 -.5319 .5514 84
85 -.0003 .0001 .1295 -.4899 .5067 85
86 -.0004 .0001 .1076 -.4371 .4501 86
87 -.0004 .0000 .0852 -.3724 .3820 87
88 -.0005 .0000 .0607 -.2950 .3012 88
89 -.0005 .0000 .0398 -.2053 .2091 89
90 -.0004 .0000 .0155 -.1046 .1058 90
91 .0000 .0000 .0000 .0000 .0000 91
92 .0000 .0001 .0000 -.7095 .7095 92
93 .0000 .0001 .0701 -.6376 .6414 93
94 -.0001 .0001 .1236 -.5980 .6107 94
95 -.0002 .0001 .1467 -.5831 .6012 95
96 -.0002 .0001 .1566 -.5694 .5906 96
97 -.0003 .0001 .1520 -.5511 .5717 97
98 -.0003 .0001 .1402 -.5230 .5415 98
99 -.0004 .0001 .1235 -.4833 .4988 99
100 -.0005 .0001 .1009 -.4327 .4443 100
101 -.0005 .0001 .0804 -.3683 .3770 101
102 -.0007 .0000 .0567 -.2913 .2968 102
103 -.0006 .0000 .0397 -.2014 .2053 103
104 -.0005 -.0001 .0133 -.1030 .1039 104
105 .0000 .0000 .0000 .0000 .0000 105
106 .0000 .0001 .0000 -.6287 .6287 106
107 -.0001 .0002 .1012 -.5570 .5662 107
108 -.0001 .0001 .1319 -.5433 .5590 108
109 -.0002 .0001 .1516 -.5547 .5750 109
110 -.0003 .0001 .1565 -.5591 .5806 110
111 -.0003 .0001 .1563 -.5552 .5768 111
112 -.0004 .0001 .1453 -.5407 .5598 112
113 -.0004 .0001 .1325 -.5149 .5317 113
114 -.0005 .0001 .1159 -.4776 .4915 114 p,
115 -.0006 .0001 .0933 -.4285 .4385 115
116 -.0006 .0001 .0762 -.3634 .3713 116
117 -.0008 .0000 .0532 -.2878 .2927 117
118 -.0007 .0000 .0412 -.1972 .2015 118
119 -.0006 -.0001 .0090 -.1026 .1030 119
120 .0000 .0000 .0000 .0000 .0000 120
121 .0000 -.0002 .0000 -.5733 .5733 121
122 .0002 .0002 .1328 -.4354 .4552 122
123 -.0001 .0001 .1670 -.4761 .5045 123
124 -.0002 .0002 .1646 -.5093 .5352 124
125 -.0002 .0001 .1672 -.5326 .5582 125
126 -.0003 .0001 .1559 -.5437 .5656 126
127 -.0003 .0001 .1493 -.5418 .5620 127
128 -.0004 .0001 .1337 -.5303 .5470 128
129 -.0005 .0001 .1229 -.5087 .5233 129
380
478 .1751 -.0284 .6970 -.8467 1.0967 478
479 .1335 -.1020 .1051 -1.9547 1.9575 479
480 .0653 -.3677 .2370 -2.8215 2.8314 480
481 -.1375 -.6004 .3727 -2.7382 2.7634 481
482 -.3061 -.6562 -.0827 -3.3074 3.3084 482
483 .0800 -.2121 .7761 -1.7772 1.9392 483
484 .1711 -.2626 1.0969 -1.4303 1.8025 484
485 .2406 -.1857 1.0208 -1.4290 1.7562 485
486 .1225 -.3028 .9918 -1.3896 1.7072 486
487 .1292 -.3478 .9922 -1.1294 1.5034 487
488 .1300 -.2408 .8088 -.9534 1.2502 488
489 .1316 -.1601 .7735 -.7421 1.0719 489
490 .0856 -.1119 .5871 -.5574 .8096 490
491 .0677 -.0669 .3600 -.3822 .5250 491
492 .0405' -.0670 .1854 -.2424 .3052 492
493 .0000 .0000 .0000 .0000 .0000 493
494 .6624 -.2886 2.7162 -1.6278 3.1666 494
495 .4029 -.1122 3.8484 -5.8167 6.9745 495
496 .1708 -.3913 2.0084 -2.4208 3.1455 496
497 .0882 -.6176 .8161 -4.8174 4.8860 497
498 -.0407 -.8436 1.3635 -2.9497 3.2496 498
499 -.2665 -1.1350 .1792 -2.7559 2.7617 499
500 .4222 -.5438 1.3545 -1.6811 2.1588 500
501 .3286 -.1925 1.2927 -1.1009 1.6979 501
502 .1853 -.3923 .8801 -1.3374 1.6010 502
503 .1666 -.3784 .8992 -1.0821 1.4070 503
504 .1636 -.3071 .8501 -.8951 1.2345 504
505 .1691 -.2174 .6833 -.7433 1.0096 505
506 .1657 -.1603 .6773 -.5707 .8857 506
507 .1142 -.1149 .5158 -.4462 .6820 507
508 .0761 -.0778 .3109 -.3161 .4433 508
509 .0455 -.0767 .1452 -.1786 .2302 509
510 .0000 .0000 .0000 .0000 .0000 510
511 .9507 -.2908 2.2501 -.7187 2.3621 511
512 .4354 -.4049 1.0419 -1.8241 2.1006 512
513 .2134 -.6809 3.1613 -8.3946 8.9701 513
514 .1398 -.8617 2.0688 -1.0113 2.3027 514
515 -.0333 -1.1393 .8510 -2.0574 2.2265 515
516 -.7003 -.8805 -.2996 -1.7237 1.7495 516
517 .5713 -.0911 1.1526 -.5727 1.2871 517
518 .3649 -.5488 .8861 -1.0489 1.3731 518
519 .2987 -.4724 .6462 -.9273 1.1303 519
520 .2567 -.4066 .6715 -.7679 1.0200 520
521 .2621 -.3232 .6160 -.6561 .8999 521
522 .2470 -.2305 .5421 -.4998 .7373 522
523 .2191 -.1832 .5005 -.4163 .6510 523
524 .1570 -.1364 .3976 -.3316 .5177 524
525 .0907 -.0953 .2347 -.2385 .3346 525
526 .0574 -.0860 .0982 -.1024 .1419 526
527 .0000 .0000 .0000 .0000 .0000 527
528 .9621 -.3341 .9621 -.3341 1.0185 528
529 .6293 -1.0954 .6293 -1.0954 1.2633 529
530 .7297 -1.3992 .7297 -1.3992 1.5780 530
531 .7851 -1.6690 .7851 -1.6690 1.8445 531
532 5.0181 -8.3827 5.0181 -8.3827 9.7699 532
533 2.3387 .0710 2.3387 .0710 2.3398 533
534 .5783 -.8177 .5783 -.8177 1.0016 534
535 .5302 -.5686 .5302 -.5686 .7775 535
536 .3887 -.5111 .3887 -.5111 .6421 536
537 .3471 -.4305 .3471 -.4305 .5530 537
538 .3602 -.3326 .3602 -.3326 .4902 538
539 .3251 -.2662 .3251 -.2662 .4202 539
540 .2957 -.2380 .2957 -.2380 .3796 540
541 .2479 -.1955 .2479 -.1955 .3157 541
542 .1487 -.1447 .1487 -.1447 .2075 542
543 .0399 -.0168 .0399 -.0168 .0433 543
544 .0000 .0000 .0000 .0000 .0000 544
545 .0000 .0000 .0000 .0000 .0000 545
546 .0000 .0000 .0000 .0000 .0000 546
547 .0000 .0000 .0000 .0000 .0000 547
548 .0000 .0000 .0000 .0000 .0000 548
549 .0000 .0000 .0000 .0000 .0000 549
550 .0000 .0000 .0000 .0000 .0000 550
551 .0000 .0000 .0000 .0000 .0000 551
552 .0000 .0000 .0000 .0000 .0000 552
553 .0000 .0000 .0000 .0000 .0000 553
554 .0000 .0000 .0000 .0000 .0000 554
555 .0000 .0000 .0000 .0000 .0000 555
556 .0000 .0000 .0000 .0000 .0000 556
557 .0000 .0000 .0000 .0000 .0000 557
558 .0000 .0000 .0000 .0000 .0000 558
559 .0000 .0000 .0000 .0000 .0000 559
560 .0000 .0000 .0000 .0000 .0000 560
561 .0000 .0000 .0000 .0000 .0000 561
MODULUS AND POISSON'S RATIO VALUES BASED ON 
AVERAGE STRESSES DURING THE INCREMENT 
STRAINS FOR FINAL CONDITION AT END OF INCREMENT
ELE ELAS MOD BULK MOD POIS S-X 8-Y y-XY 8-1 8-3 yMAX S-V ELE
1 9 2 6 8 .1 5 1 2 0 .9 .1 9 8 .000 .640 .000 .640 .000 .6 4 0 .6 4 0 1
2 9 1 7 4 .0 5 0 5 2 .7 .1 9 7 -.0 3 2 .652 .002 .652 -.0 3 2 .6 8 4 .6 2 0 2
3 9 0 8 2 .0 5 0 3 4 .2 .1 9 9 .000 .606 -.043 .607 -.001 .6 0 8 .6 0 6 3
4 8 9 2 9 .5 4 9 8 3 .5 .201 -.010 .588 -.0 0 7 .588 -.010 .5 9 7 .5 7 8 4
5 9 1 2 8 .1 5 0 0 1 .5 .196 .004 .561 .015 .561 .004 .5 5 7 .5 6 6 5
6 8 8 2 3 .5 4 9 2 9 .3 .202 .000 .561 .002 .561 .000 .561 .561 6
381
ELE ELAS MOD BULK MOD POIS 8-X S-Y y-XY 8-1 8-3 yMAX S-V ELE
7 8801.8 4921.7 .202 .000 .543 -.017 .543 .000 .543 .543 7
8 8669.3 4868.5 .203 .001 .521 .033 .522 .000 .522 .522 8
9 8419.5 4846.5 .210 -.009 .541 .035 .541 -.010 .551 .531 9
10 8756.7 4901.1 .202 .000 .550 .000 .550 .000 .550 .550 10
11 14148.1 6805.2 .153 -.215 .819 .023 .819 -.215 1.034 .604 11
12 16569.7 7970.0 .153 -.182 .759 -.004 .759 -.182 .941 .577 12
13 18090.4 8701.4 .153 -.140 .732 -.010 .732 -.140 .872 .592 13
14 16982.4 8168.5 .153 -.062 .647 -.053 .648 -.063 .711 .585 14
15 9125.9 5015.3 .197 .000 .595 -.083 .598 -.003 .601 .595 15
16 15788.5 7594.2 .153 -.296 .875 .045 .875 -.296 1.171 .579 16
17 15907.6 7651.5 .153 -.166 .723 .009 .723 -.166 .889 .557 17
18 17598.6 8464.9 .153 -.123 .683 -.058 .684 -.124 .809 .560 18
19 17362.5 8351.3 .153 -.084 .668 -.091 .670 -.087 .757 .584 19
20 14038.5 6752.5 .153 -.040 .624 -.089 .627 -.043 .670 .584 20
21 9217.0 5013.6 .194 .000 .592 -.099 .596 -.004 .601 .592 21
22 14966.9 7199,0 .153 -.321 .869 .009 .869 -.321 1.190 .547 22
23 16133.6 7760.2 .153 -.192 .727 .006 .727 -.192 .919 .535 23
24 16787.0 8074.5 .153 -.130 .668 -.051 .669 -.131 .800 .538 24
25 17431.1 8384.3 .153 -.107 .664 -.090 .667 -.110 .776 .557 25
26 16448.9 7911.9 .153 -.074 .652 -.103 .655 -.078 .733 .577 26
27 12366.4 5948.2 .153 -.037 .615 -.092 .618 -.040 .659 .578 27
28 9264.1 5011.2 .192 .000 .590 -.099 .594 -.004 .598 .590 28
29 13844.2 6659.0 .153 -.328 .838 -.010 .838 -.328 1.166 .509 29
30 15132.8 7278.8 .153 -.222 .728 .000 .728 -.222 .950 .506 30
31 16183.5 7784.2 .153 -.152 .663 -.031 .664 -.152 .816 .511 31
32 16841.4 8100.7 .153 -.122 .652 -.072 .654 -.124 .778 .530 32
33 17243.7 8294.2 .153 -.102 .654 -.094 .657 -.105 .763 .552 33
34 15586.4 7497.0 .153 -.071 .641 -.103 .644 -.075 .719 .570 34
35 11552.5 5556.7 .153 -.038 .609 -.091 .612 -.041 .654 .571 35
36 9276.0 5005.6 .191 .000 .587 -.096 .591 -.004 .595 .587 36
37 11948.0 5747.0 .153 -.328 .792 -.012 .792 -.328 1.120 .464 37
38 13854.7 6664.1 .153 -.242 .710 .004 .710 -.242 .952 .468 38
39 15068.8 7248.0 .153 -.176 .657 -.010 .657 -.176 .833 .481 39
40 16024.1 7707.6 .153 -.139 .638 -.045 .639 -.140 .778 .499 40
41 16808.7 8084.9 .153 -.121 .644 -.075 .646 -.123 .769 .524 41
42 17076.6 8213.8 .153 -.099 .645 -.093 .648 -.102 .750 .546 42
43 14755.3 7097.2 .153 -.071 .633 -.099 .637 -.074 .711 .562 43
44 10929.3 5257.0 .153 -.040 .604 -.089 .607 -.043 .650 .565 44
45 9261.0 4994.3 .191 .000 .582 -.093 .585 -.004 .589 .582 45
46 8089.0 3890.8 .153 -.323 .734 -.006 .734 -.323 1.056 .411 46
47 11792.7 5672.2 .153 -.252 .675 .017 .675 -.252 .927 .423 47
48 13744.2 6610.9 .153 -.195 .639 .013 .639 -.195 .834 .444 48
49 14836.7 7136.4 .153 -.157 .623 -.013 .623 -.157 .780 .466 49
50 15829.6 7614.0 .153 -.137 .627 -.048 .628 -.137 .766 .491 50
51 16663.8 8015.2 .153 -.119 .637 -.073 .639 -.121 .760 .517 51
52 16730.0 8047.1 .153 -.097 .637 -.088 .640 -.100 .739 .540 52
53 14150.7 6806.5 .153 -.073 .628 -.096 .632 -.077 .708 .555 53
54 10446.4 5024.7 .153 -.041 .599 -.085 .602 -.043 .645 .558 54
55 9227.7 4978.3 .191 .000 .575 -.091 .578 -.004 .582 .575 55
56 4168.3 3290.1 .289 -.314 .663 .002 .663 -.314 .977 .350 56
57 8046.2 3870.2 .153 -.253 .623 .038 .623 -.253 .877 .370 57
382
ELE ELAS MOD BULK MOD POIS S-X 8-Y y-XY 8-1 8-3 yMAX 8-V ELE
517 364.5 944.8 .436 -.028 .285 -2.375 1.326 - 1.070> 2.396 .257 517
518 321.6 951.6 .444 -.661 .974 -1.107 1.144 -.831 1.975 .313 518
519 250.8 942.0 .456 -.360 .535 -.814 .693 -.517 1.210 .175 519
520 419.0 982.4 .429 -.362 .565 -.483 .624 -.421 1.045 .203 520
521 270.7 945.5 .452 -.392 .558 -.491 .618 -.452 1.070 .166 521
522 391.9 980.8 .433 -.312 .494 -.442 .550 -.369 .919 .181 522
523 400.0 983.9 .432 -.306 .492 -.433 .547 -.361 .909 .186 523
524 290.8 961.8 .450 -.364 .538 -.553 .616 -.442 1.058 .175 524
525 373.9 974.6 .436 -.232 .424 -.465 .498 -.306 .804 .192 525
526 426.9 977.7 .427 .070 .201 -.627 .456 -.185 .641 .271 526
527 3369.2 1989.5 .218 .000 .089 -.213 .160 -.071 .231 .089 527
528 437.'9 697.4 .395 .000 .000 .000 .000 .000 .000 .000 528
529 264.3 709.3 .438 .000 .000 .000 .000 .000 .000 .000 529
530 264.3 709.3 .438 .000 .000 .000 .000 .000 .000 .000 530
531 264.3 709.3 .438 .000 .000 .000 .000 .000 .000 .000 531
532 264.3 709.3 .438 .000 .000 .000 .000 .000 .000 .000 532
533 264.3 709.3 .438 .000 .000 .000 .000 .000 .000 .000 533
534 264.3 709.3 .438 .000 .000 .000 .000 .000 .000 .000 534
535 264.3 709.3 .438 .000 .000 .000 .000 .000 .000 .000 535
536 264.3 709.3 .438 .000 .000 .000 .000 .000 .000 .000 536
537 264.3 709.3 .438 .000 .000 .000 .000 .000 .000 .000 537
538 264.3 709.3 .438 .000 .000 .000 .000 .000 .000 .000 538
539 264.3 709.3 .438 .000 .000 .000 .000 .000 .000 .000 539
540 264.3 709.3 .438 .000 .000 .000 .000 .000 .000 .000 540
541 264.3 709.3 .438 .000 .000 .000 .000 .000 .000 .000 541
542 264.3 709.3 .438 .000 .000 .000 .000 .000 .000 .000 542
543 264.3 709.3 .438 .000 .000 .000 .000 .000 .000 .000 543
544 262.2 697.4 .437 .000 .000 .000 .000 .000 .000 .000 544
STRESSES AND STRESS LEVELS FOR FINAL CONDITION AT 
END OF INCREMENT
E L E  <7-X cr-Y T -X Y CT-1 <7-3 T-•M A X 0  <71/(73 TXY/CTY SL C R IT SL PR E S
1 14.341 50.637 -.211 50.638 14.340 18.149 -.333 3.531 -.004 .225 .225 1
2 13.593 47.487 -.222 47.488 13.591 16.949 -.376 3.494 -.005 .219 .219 2
3 13.409 46.659 -.721 46.674 13.393 16.641 -1.242 3.485 -.015 .217 .217 3
4 12.872 44.828 -.572 44.838 12.861 15.989 -1.026 3.486 -.013 .216 .216 4
5 13.049 44.245 .007 44.245 13.049 15.598 .014 3.391 .000 .208 .208 5
6 12.312 42.482 .006 42.482 12.312 15.085 .011 3.451 .000 .211 .211 6
7 12.259 42.189 -.838 42.212 12.235 14.989 -1.602 3.450 -.020 .210 .210 7
8 11.720 40.229 .366 40.234 11.715 14.259 .735 3.434 .009 .207 .207 8
9 11.511 41.045 .442 41.051 11.505 14.773 .857 3.568 .011 .217 .217 9
10 12.035 41.392 -.211 41.394 12.034 14.680 -.412 3.440 -.005 .209 .209 10
11 10.640 38.020 .450 38.027 10.633 13.697 .941 3.576 .012 .260 .214 11
12 11.320 35.794 1.039 35.838 11.276 12.281 2.428 3.178 .029 .240 .183 12
13 12.769 38.098 1.143 38.150 12.717 12.716 2.578 3.000 .030 .231 .173 13
14 13.884 40.078 .197 40.079 13.883 13.098 .430 2.887 .005 .207 .166 14
15 13.244 45.076 -1.267 45.127 13.193 15.967 -2.275 3.420 -.028 .211 .211 15
16 9.640 33.404 .332 33.409 9.636 11.887 .801 3.467 .010 .272 .200 16
17 10.794 34.720 .612 34.736 10.778 11.979 1.463 3.223 .018 .239 .185 17
383
E L E  G -X g -y T -X Y CM a - 3  x -M A X 0  G 1 /G 3  T X Y /G Y SL C R IT  SL P R E S E L E
18 12.114 35.581 .348 35.586 12.109 11.739 .849 2.939 .010 .221 .166 18
19 13.379 38.889 -.124 38.890 13.379 12.756 -.280 2.907 -.003 .212 .167 19
20 13.440 41.058 -.191 41.059 13.438 13.810 -.397 3.055 -.005 .205 .180 20
21 13.213 44.212 -1.074 44.249 13.176 15.537 -1.981 3.358 -.024 .206 .206 21
22 8.663 30.289 -.116 30.290 8.663 10.814 -.306 3.497 -.004 .278 .196 22
23 10.066 31.985 .292 31.989 10.062 10.964 .762 3.179 .009 .244 .178 23
24 11.164 33.692 .079 33.692 11.164 11.264 .200 3.018 .002 .224 .170 24
25 12.254 35.745 .021 35.745 12.254 11.746 .050 2.917 .001 .217 .165 25
26 13.073 38.801 -.161 38.802 13.072 12.865 -.359 2.968 -.004 .213 .171 26
27 12.891 40.896 -.171 40.897 12.890 14.003 -.350 3.173 -.004 .206 .189 27
28 13.168 43.690 -.720 43.707 13.151 15.278 -1.351 3.323 -.016 .203 .203 28
29 7.421 27.409 -.323 27.415 7.416 9.999 -.925 3.697 -.012 .283 .202 29
30 8.857. 28.987 .111 28.988 8.856 10.066 .315 3.273 .004 .252 .180 30
31 10.127 30.974 .154 30.975 10.125 10.425 .422 3.059 .005 .230 .169 31
32 11.101 33.169 .031 33.169 11.101 11.034 .081 2.988 .001 .222 .167 32
33 12.088 35.613 .121 35.614 12.087 11.763 .295 2.946 .003 .219 .167 33
34 12.624 38.437 -.043 38.437 12.624 12.906 -.095 3.045
OO
.215 .177 34
35 12.433 40.507 -.058 40.507 12.433 14.037 -.118 3.258 -.001 .209 .194 35
36 13.098 43.256 -.428 43.262 13.092 15.085 -.813 3.304 -.010 .201 .201 36
37 5.854 24.519 -.382 24.527 5.846 9.340 -1.171 4.195 -.016 .290 .221 37
38 7.428 25.854 .071 25.854 7.427 9.213 .221 3.481 .003 .258 .186 38
39 8.786 28.080 .273 28.084 8.782 9.651 .809 3.198 .010 .238 .173 39
40 9.931 30.297 .211 30.299 9.929 10.185 .593 3.052 .007 .226 .167 40
41 10.925 32.825 .186 32.826 10.923 10.951 .487 3.005 .006 .225 .168 41
42 11.857 35.329 .271 35.332 11.854 11.739 .662 2.981 .008 .222 .169 42
43 12.167 38.016 .080 38.016 12.166 12.925 .177 3.125 .002 .218 .182 43
44 12.087 40.075 .036 40.075 12.087 13.994 .074 3.315 .001 .210 .198 44
45 12.977 42.700 -.220 42.702 12.975 14.863 -.424 3.291 -.005 .199 .199 45
46 4.124 21.546 -.370 21.554 4.116 8.719 -1.217 5.236 -.017 .298 .253 46
47 5.775 22.724 .083 22.725 5.774 8.475 .280 3.935 .004 .264 .202 ■47
48 7.320 25.006 .415 25.015 7.310 8.853 1.345 3.422 .017 .245 .181 48
49 8.525 27.445 .428 27.455 8.515 9.470 1.295 3.224 .016 .234 .174 49
50 9.698 29.875 .343 29.881 9.692 10.094 .973 3.083 . 0 1 1 .230 .169 50
51 10.744 32.519 .346 32.525 10.739 10.893 .911 3.029 . 0 1 1 .229 .169 51
52 11.618 34.960 .406 34.967 11.611 11.678 .995 3.012 .012 .223 .171 52
53 11.691 37.580 .204 37.582 11.689 12.946 .451 3.215 .005 .223 .188 53
54 11.813 39.510 .084 39.511 11.812 13.849 .173 3.345 .002 .210 .200 54
55 12.809 42.009 -.076 42.009 12.809 14.600 -.149 3.280 -.002 .198 .198 55
56 2.460 18.477 -.329 18.484 2.453 8.016 -1.177 7.535 I O oo .312 .297 56
57 3.984 19.596 .156 19.598 3.982 7.808 .573 4.921 .008 .272 .230 57
58 5.655 21.867 .507 21.883 5.639 8.122 1.789 3.880 .023 .254 .196 58
59 7.094 24.504 .680 24.531 7.067 8.732 2.233 3.471 .028 .242 .182 59
60 8.207 27.030 .526 27.045 8.192 9.426 1.599 3.301 .019 .238 .178 60
61 9.520 29.571 .475 29.582 9.509 10.037 1.356 3.111 .016 .234 .170 61
62 10.571 32.124 .472 32.135 10.560 10.787 1.254 3.043 .015 .230 .169 62
63 11.372 34.603 .574 34.617 11.358 11.630 1.414 3.048 .017 .228 .173 63
64 11.186 36.998 .248 37.001 11.184 12.908 .551 3.308 .007 .226 .194 64
65 11.599 38.831 .123 38.831 11.599 13.616 .258 3.348 .003 .208 .199 65
66 12.611 41.232 .047 41.232 12.611 14.311 .094 3.270 .001 .196 .196 66
67 .983 15.323 -.292 15.329 .977 7.176 -:1.167 15.686 -.019 .355 .354 67
68 2.337 16.469 .229 16.472 2.333 7.070 .929 7.060 .014 .287 .268 i58
69 3.828 18.745 .629 18.771 3.801 7.485 2.411 4.938 .034 .268 .226 69
70 5.519 21.515 .770 21.552 5.482 8.035 2.750 3.931 .036 .254 .197 70
71 6.840 24.189 .822 24.228 6.801 8.713 2.707 3.562 .034 .247 .187 71
72 7.910 26.712 .564 26.729 7.893 9.418 1.717 3.387 .021 .242 .182 72
73 9.433 29.227 .585 29.244 9.416 9.914 1.692 3.106 .020 .234 .169 73
